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ABSTRACT
The international Certified Passive House Standard delivers high thermal comfort based
on the principles of excellent building fabric and balanced mechanical heat recovery
ventilation. Considering that the typical person in developed countries (such as Ireland
and the United Kingdom) spends 90% of their time indoors, there are surprisingly few
academic studies on air quality in the home. Indoor air quality and the prevalence of
overheating are attracting an increasing amount of research attention across Europe, but
post occupancy monitoring of indoor radon concentrations is severely underrepresented,
especially in Ireland and the UK.
Radon is a naturally occurring radioactive gas and known carcinogen that presents a
potential risk to occupier health. This PhD research investigates measured radon levels in
certified Passive House buildings in Ireland and the UK and presents the findings.
The research has found that 97 monitored Certified Passive House Standard buildings
exhibit 60% lower indoor radon concentrations at 36 Bq/m3 than the national average of
77 Bq/m3 and reference levels (Target level 100 Bq/m3 and Action Level 200 Bq/m3). A
series of comparison case studies located in high risk geogenic radon areas have
demonstrated a significant contrast with comparison homes reinforcing the main findings.
The second major finding found a uniform distribution of radon levels between upstairs
and downstairs in the Certified Passive House sample (6%) when compared against
standard buildings with natural ventilation (33%-35%). The evidence from this study
suggests a 18% reduction in indoor radon concentrations between timber frame
construction and masonry construction. Then finally, initial evidence suggests that the
EnerPhit standard (18% reduction) will mitigate against elevated radon levels in buildings
being retrofitted.
This is an issue currently pertinent to the Construction Industry. The growth of energyefficient standards (such as Passive House) and common principles (such as increased
airtightness levels and mechanical ventilation systems) have accelerated the need for
research data on indoor radon concentrations. This research bridges the knowledge gap
between the fields of indoor air quality (specifically radon), health, sustainability, and the
built environment. The study outlines the implications for policy and practice including
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practical recommendations.
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1 INTRODUCTION

1.1 Background

In 2020 over 28 countries around the world have declared a climate emergency, Scotland
was the first country globally to make this declaration prompting the UK parliament to
also declare in May 2019, following this the Irish government also made the declaration
a few days later. This was followed by the Australian bush fire crisis which was a catalyst
for the declaration of many more countries (BBC News, 2019).
In 2016 the Paris Climate Change agreement was signed into law; this is an agreement
made by 194 countries along with the EU block. The overall aim of the agreement is to
limit global warming to 2.0 °C and increase efforts to stay below 1.5 °C; it proposes three
main pillars to achieve this aim which are the mitigation of all greenhouse gas emissions,
followed by increasing the ability to cope with adaptation and finally with climate finance
(UN, 2016).
The importance of this climate change agreement was underlined by the publication of
the Special Report on Global Warming of 1.5°C or (SR15) by the Intergovernmental
Panel on Climate Change (IPCC). This document outlines the modelled impacts of an
average increase globally of 1.5°C along with other projections for even further average
increases. The key outcome of the report is that warming can be limited to 1.5 °C,
however it emphasises swift action with significant emission reductions. Then report then
concludes by saying this will be present unprecedented challenges for all aspects of
society (IPCC, 2018a).
The (IPCC) have also presented potential mitigation solutions to reduce greenhouse gas
emissions; in the IPCC 4th assessment report published in 2007 recommended the certified
passive house standard as one of these solutions (IPCC, 2007b). The latest of these
publications of note was the Emissions Gap report published in 2016, this report specially

Word Template by Friedman & Morgan 2014

mentioned the Certified Passive House standard.
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The built environment accounts for a significant proportion of emissions and as outlined
they are a significant part of the solution, it is estimated that in the European Union (EU)
these emissions from buildings account for circa 40% through consumption of energy
(UNEP, 2017). The recognition of this can be seen in EU constructed policy namely the
Energy Performance in Buildings Directive (EPBD) which will require all member states
to implement legislation to ensure that all buildings built are Near Zero Energy Buildings
(NZEB) by 2021. The EPBD defines near zero energy buildings, in broad terms, as those
with high levels of energy efficiency. The Directive further states that the very low
amount of energy required should be provided to a very significant degree by energy from
renewable sources, preferably produced on or near site (2010/31/CE, 2010).
The UK’s Climate Change Committee (CCC) is an independent, statutory body
established under the Climate Change Act 2008 (CCC, 2019), in 2019 they published a
report titled “UK housing: Fit for the future?” states that “Greenhouse gas emission
reductions from UK housing have stalled, and homes across the UK must be improved
now to address the challenges of climate change.” (CCC, 2019).
The economics of constructing to a standard that satisfies the goals outlined in the above
report is not unreasonable and correct design from the start is more economical long term.
The CCC are demanding an “ultra-energy efficient standard” in the long term with metrics
15-20 kWh/m2/year for heating. This low constant heating demand is the optimum
situation of facilitating an electric heat pump (CCC, 2019).
The certified passive house standard provides a quality assured route to reaching this goal
outlined by the CCC. The amalgamation of a low energy standard like the Certified
Passive House with heat pump technology, coupled with renewable energy generation
such as solar photovoltaics represents a sustainable formula for the transition to carbon
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neutrality (CCC, 2019).

1.2 Justification of Research
The overall purpose of this PhD study is to confront the relationship between Certified
Passive House Standard building and corresponding indoor radon concentrations.
Preliminary research has suggested that there was significant scope to examine the
attributes of Certified Passive House standard buildings such as specific airtightness
levels and investigate the influence on indoor radon concentrations in Ireland and the UK
context.
Radon gas is classified in group one as carcinogenic to humans by (IARC) (International
Agency for Research on Cancer, 2002).

The accumulation of indoor radon gas

concentrations in buildings may present a significant problem along with serious health
implications in some situations as it is a known carcinogen. Radon is estimated to be the
origin of 3-14% of all cases of lung cancer (WHO, 2016), the variance will hinge on
specific national average radon level in a given country coupled with occupant smoking
prevalence. Many international research studies have presented with statistical confidence
that even low indoor radon levels can contribute significantly to the prevalence of lung
cancers worldwide (WHO, 2009a).
The relationship between low energy buildings and indoor air quality is an under
researched area (McGill, 2016). In addition to this there is limited research specifically
on certified passive house buildings and even less research with a focus on indoor radon
concentration levels. It is the area in which this research will explore. The significance
of the research sits against the backdrop of growth in low energy building standards
coupled with the incoming energy performance building directive which will require all
buildings to achieve Near Zero Energy Building status from the 1st of January 2021
(PassREg, 2015).
Almost all Near Zero Energy Buildings will incorporate a “fabric first” approach to the
building fabric this will mean increased u values and a significant increase in airtightness
with most ventilation strategies changing from natural to mechanical heat recovery
ventilation systems (Zero Carbon Hub, 2014b). Fabric first is an approach to building
design the looks at maximising the energy performance of the structure itself through the
components and materials making up the building envelope. The adoption of these new
building methods at large scale means that airtightness levels and better thermal building
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envelope fabric will be key features; there is an incumbent need for research investigating
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the impact on indoor radon concentrations. There is a tendency from the industry to label
or describe some energy efficient construction as a “passive house standard” building
when they are not certified by the Passive House Institute (Siddall, 2015). Previous
research pertaining to the certified passive house standard in Ireland and the UK almost
exclusively addressed the potential for overheating and others have predominantly
addressed Indoor Air Quality (IAQ) with post occupancy monitoring (Foster et al., 2016).
This is the first study of its type in Ireland and the UK which will examine the influence
of certified passive house standard principles and certification on indoor radon
concentrations.

The knowledge gap has been explicitly set out in the Irish context by Phase Two of the
National Radon Control Strategy (2019-2024) (NRCS, 2019) and the Knowledge Gaps
paper which sets out the research needed to support the strategy was published in 2019.
This report defines these knowledge gaps and under research theme two labelled better
targeting of measures and resources, specially lists the relationship, if any, between
elevated radon levels in dwellings and high airtightness levels. There have also been new
regulations introduced at EU level which now mandate a minimum threshold for radon
emanation from construction materials (Woolley, 2016).
The advancement in knowledge will build on existing research in post occupancy
monitoring of indoor air quality with new perspectives that will develop from this thesis.
The original contribution will emerge from exploiting the knowledge gap circumscribed
to the levels of indoor radon concentrations monitored in certified passive house
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dwellings in the Irish and UK context.

1.3 Proposed Research Questions
The following research questions were formulated following the initial review of
literature and the construction of the aims and objectives.
1.

Is there a correlation between domestic dwellings constructed to the
certified passive house standard and if so, what is the difference against
the local regional and national levels?

2.

Does mechanical heat recovery ventilation have any effect on radon
distribution between upstairs and downstairs in dwellings?

3.

Is there a correlation between the construction type (material) and the
indoor radon concentrations?

4.

Is there a similar correlation in the indoor radon concentrations with
passive house retrofit “EnerPHit” / Passive House refurbishment buildings
and the certified new build passive house buildings?

5.

What is the difference in indoor radon concentrations recorded in certified
passive house standard dwellings compared to the building regulation
buildings that are directly monitored in high-risk radon locations in the
case study sample?

1.4 Objectives of Research
This aim of this PhD research titled Certified Passive House: An Effective Control of
Radon in domestic construction. is to assess the hypothesis that Certified Passive House
dwellings, which feature a defined airtightness level and employ balanced mechanical
ventilation with heat recovery, will yield potentially lower indoor radon concentration.
The following are the prescribed objectives:



Conduct radon testing and then carry out in depth analysis of the results primary
data, a comparison will be made against the defined recommended reference
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levels, and the national average secondary data.
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Examine the primary data yielded from the testing to ascertain the radon
distribution between floors, this will then be compared against relevant secondary
data.



Distinguish the contribution and influence of balanced mechanical ventilation
with heat recovery, defined airtightness levels and emanation from building
materials on monitored indoor radon concentrations.



Deduce the overall indoor radon concentrations levels for the passive house
retrofit or (EnerPHit) sample subset.



Conduct case study comparative radon testing in high geogenic risk locations of
Certified Passive House dwellings with adjacent properties and then orchestrate
analysis with secondary data.

1.5 Thesis Structure
This PhD thesis will contextualise the study with the presentation of literature. Chapter
Two will outline the Passive House standard outlining key attributes, then describing their
relevance and providing why these are important with respect to radon. An in-depth
comparison of ventilation methods for current domestic buildings in presented in Chapter
Three, including the barriers and solutions to effective ventilation. In Chapter Four radon
concentrations in buildings, radon prevention and radon mitigation. This chapter will also
highlight the effects of radon on health and the parameters and implications will be
described. Chapter Five is an account of the study methodology.
The main findings are presented in Chapters Six and Seven. These consist of a comparison
of the results against regional and national averages, a presentation of comparison case
studies of 10 homes located in high risk areas, along with Irelands largest certified passive
house development, the results per construction type. The chapter concludes with a
presentation of findings on the correlation between upstairs and downstairs radon
concentrations.
Chapter Eight will form the basis of discussion. Finally, the study conclusions are

26

Word Template by Friedman & Morgan 2014

summarised in Chapter Nine.

1.6 Chapter Summary
This introduction chapter has presented a synopsis on the design of research, explained
the knowledge gap, and outlined the study aims, objectives and thesis structure. The
following section will now provide an articulation of the international certified passive
souse standard, outlining key attributes, then describing their relevance and providing
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why these are important with respect to radon.
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2 CLIMATE CHANGE AND THE PASSIVE HOUSE STANDARD

2.1 Chapter Introduction
This chapter is the first of three chapters which represent the review of literature; the first
of these is focused on indoor air quality (IAQ); the second on a review of literature on
uncontrolled and controlled ventilation strategies of dwellings, and then in the third
chapter the implications on indoor radon concentrations is reviewed. This chapter
concludes in distinguishing the gap in understanding derived from the literature of
certified passive house attributes and indoor radon concentrations.
The literature review was approached in a manner suggested by (Murray, 2002).
Literature was gathered from a systematic mix of sources, including books, peer reviewed
journals, building standards, articles, conference proceedings, guidance papers, and
government publications. A range of sources have been utilised, incorporating Sciencedirect, Wiley, Web of Science, PubMed, the Construction Information Service, JSTOR,
British Standards Online and Google Scholar. Furthermore, literature was not limited to
the United Kingdom, as research on Radon and Passive House is fairly limited in this area
and much can be learned from other countries particularly in Europe.

2.2 Background: Climate Change
In 1983 the World Commission on Environment and Development (WCED), was chaired
by Gro Harlem Brundtland and then in 1987 the report named 'Our Common Future' was
published, defining Sustainable Development as:
“development that meets the needs of the present without compromising the ability of
future generations to meet their own needs”' (World Commission on Environment and
Development, 2017).
The Climate Change imperative coupled with chronic issues such as fuel poverty and
fluctuating fuel prices has promoted a significant need to embrace the “fabric first”
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approach to performance and quality control, both in design and construction, enabling

buildings to maintain a comfortable and healthy indoor environment with minimal energy
requirements and without a reliance on fossil fuels (McGill, Sharpe, Oyedele, et al.,
2017). This significant step change means increasing requirements for air tightness,
which will ensure the objective of reducing heat loss from infiltration; other requirements
such as ventilation have not been as pronounced and this has created considerable debate
about which ventilation strategies employed to deliver good Indoor air quality (Sharpe
and Morgan, 2014).
Global warming caused anthropogenic induced climate change is an imperative facing
the world (UN, 2016). The IPCC was established in 1988 by the World Meteorological
Organization (WMO) and the United Nations Environment Programme (UNEP) to assess
scientific, technical and socio-economic information concerning climate change, its
potential effects and options for adaptation and mitigation. (IPCC, 2014)
The Fifth Assessment Report (AR5) published in 2014 by the United Nations
Intergovernmental Panel on Climate Change (IPCC) was the fifth in a catalogue of such
reports since 1990. The Fifth Assessment Report concluded that it is almost certain that
anthropogenic influence has been the supreme cause of the observed warming since the
mid-20th century. The largest human influence has been the emission of greenhouse gases
such as carbon dioxide, methane, and nitrous oxide. Climate modelling projects that,
during this century, the global temperature “may rise an additional 0.3 to 1.7 °C in what
was termed moderate scenario, at the other end of the spectrum the extreme scenario
increases of 2.6 to 4.8 °C could be induced, depending on the rate of carbon emissions”.
These findings are accepted by almost all the developed counties and are not disputed by
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any scientific body of national or international standing (IPCC, 2014).

29

Figure 1: Carbon emissions and the projections of holding warming to 1.5oC (IPCC,
2018b).

The Paris Agreement signed by 196 nations in 2016, is a legally binding agreement within
the United Nations Framework Convention on Climate Change (UNFCCC), outlining
carbon emission mitigation, adaptation, and financing. The crux of the Paris agreement's
is to hold the increase of the average global temperature to below 2°C; and increase effort
to limit the increase to 1.5°C, recognizing that this would substantially reduce the risks
and impacts of climate change (UN, 2016).
The most recent report issued by the IPCC titled the Special Report on Global Warming
of 1.5 °C (SR15). The report outlines the trajectory of impacts at a global average
warming of 1.5°C along with elevated levels of warming see Figure 1. The report really
provides more in-depth details on why meeting the 1.5 °C target is achievable but also
outlines that it will require deep emissions reductions and rapid, far-reaching, and
unprecedented changes in all aspects of society. Furthermore, the report found that
limiting global warming to 1.5°C compared with 2°C would reduce challenging impacts
on ecosystems, and human health and that a 2°C temperature increase would accelerate
extreme weather, rising sea levels and melting of Arctic sea ice, coral bleaching, and loss
of ecosystems. SR15 also has modelling that illustrates that, if global warming is to be
limited to 1.5°C, net global emissions of carbon dioxide (CO2) would need to fall by about
45 percent from 2010 levels by 2030, reaching 'net zero' around 2050 (IPCC, 2018a). It
is against this background that the significance of the built environment to address the
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climate change imperative is highlighted.

2.3 Energy Efficiency in the Built Environment
The built environment produces up to 39% of global carbon emissions - greater than any
other sector alone. Decarbonising the building sector offers an effective way to reduce
the impact of climate change and curb temperature increase to 1.5°C. 11% of emissions
are attributed to the embodied energy in buildings, and the remaining 28% is attributed
to their operational energy requirements. In the industrialised world, buildings consume
over 70% of the electrical power generated and 40% of primary energy and are
responsible for 40% of CO2 emissions from combustion. In addition, developing countries
will need to accommodate 2.4 billion new urban residents by 2050, however, in Europe
75-90% of existing building stock is expected to remain in use in 2050. Renewable energy
technology alone cannot meet those requirements, despite recent improvements. The
energy performance of buildings must be managed, but the capability to meet this
challenge is in place (UNEP, 2017).
The Working Group III contribution to the IPCC’s Fifth Assessment Report (AR5) was
to assess literature on the scientific, technological, environmental, economic, and social
aspects of mitigation of climate change since 2007 when the Fourth Assessment Report
(AR4) was released. In this report the UN advocated the Passive House Standard in
Chapter 9 on emissions from buildings (IPCC, 2007a).
The Emissions Gap Reports are an annual science-based assessment of the gap between
countries' pledges on greenhouse gas emissions reductions and the reductions required to
deliver a global temperature increase of below 2°C by the end of this century. The
influential Emissions Gap Report, published by the UN Environment Program each year
to track the progress of governments on reducing their carbon emissions, has for the first
time advocated for the passive house standard in its 2016 edition (UNEP, 2017). Chapter
5 of the report, which focuses on energy efficiency, includes a dedicated section on the
Passive House standard. It reads: “The standard has become popular in several countries
and is experiencing a dynamic market adoption in several regions.” “The global floor area
of Passive Houses has grown from 10 million m2 in 2010 to 46 million m2 in 2016, with
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Figure 2: Passive House Classifications, (Passive House Institute, 2016)

The main author Prof Diana Ürge-Vorsatz stated: “Presently, the price premium for new
Passive houses in several countries is comparable to standard construction costs.” The
report also advocates for net zero energy and energy positive buildings which correspond
with passive house plus and passive house premium classifications illustrated in Figure
2. This is the first time the UN has recommended Passive House in its Gap Reports saying,
“In terms of energy performance, one of the most ambitious building energy certification
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schemes is the so-called “Passive House’ standard” (UNEP, 2017).

2.4 Sustainable Building Policy
It has been highlighted that building regulations could be an effective mechanism to
significantly impact emissions from buildings. As outlined in the introduction chapter
the European Union have taken steps in the form of a series of directives, with the Energy
Performance of Buildings Directive (EPBD) (2010), the Directive on Energy Efficiency
(2012) and the Renewable Energy Directive (2009) all part of that regulatory framework.
The concept of Near Zero Energy Buildings was introduced when the directive was recast
in 2018 and as outlined in the introduction it mandates that all new buildings must be
constructed to the Near Zero Energy Buildings (NZEB) specification by 1st of January
2021.

This recast of the Energy Performance of Buildings Directive (2010/31/CE, 2010) states
that a nearly zero energy building is “as those buildings with high energy efficiency
performance.” The whole aim of the directive is to make the building so energy efficient
that the remaining energy demand for both heating and domestic hot water can be perhaps
met by renewable energy systems preferably on site or nearby. This then means that this
type of new build construction is in effect producing very small or no carbon emissions.
The fundamentals are that this is advocating for a “fabric first” approach which if
executed correctly (insulation, airtightness) will facilitate low carbon renewable energy
technologies such as heat pumps, microgeneration etc. It is up to each EU member state
to detail how its own regulations will satisfy the directive.
To gain the certified passive house standard in a dwelling is to achieve “an especially
high level of thermal comfort with minimum energy consumption” (Passive House
Institute, 2016). The introduction of the Primary Energy Renewable (PER) demand
metrics along with Renewable Energy generation are now core elements as the standard
aim to demonstrate compliance with the Energy Performance of Buildings Directive,
three classifications which can now be achieved are; Passive House Classic, Plus or
Premium as per Figure 2. “Passive House is not an energy standard but an integrated
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concept ensuring the highest level of comfort” (Passive House Institute, 2016).
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2.5 The Certified Passive House Standard
The International Passive House Institute (PHI) was founded in Darmstadt in September
1996 by Dr. Wolfgang Feist as a research institute which advocates and educates the
standard globally. The have responsibility for defining the methodology and energy
criteria which that is required for certification of the standard. There are five
classifications under the standard Passive House, EnerPHit and PHI Low Energy Building
Standard along with the previously mentioned Passive House Plus and Passive House
Premium classifications. The calculation tool used by the institute is Passive House
Planning Package (PHPP) which is an excel based software and its function is to
determine if a building and its various elements met the energy efficient metrics defined
by the criteria of each classification. The institute also have a design modelling plug in
software for sketch up called Design PH; this software provides a parametric modelling
ability which will record and generate the required information to populate the PHPP
software and produce accurate metrics which will define energy performance.
Certified passive house is a “construction concept” (Passipedia, 2016) that can be
achieved through the design and construction of any building type including commercial
or domestic. There have been multi storey, swimming pools, hospitals and universities
globally built to the standard. Designing to this standard, requires “very low energy
consumption, quality design and craftsmanship with superior windows, high levels of
insulation and heat recovery ventilation” (Passipedia, 2013). The standard is often quoted
as being the “fastest growing low energy standard in the world” (Cemesova, Hopfe and
McLeod, 2015).
The occurrence of ‘Passive House’ is gaining popularity and traction due to the increasing
attention on energy awareness and the previously outlined climate imperative which is
incumbent upon us all. The science is clear that a reduction in carbon is paramount and
becoming carbon neutral is essential. The transition from over reliance on fossil fuels, is
being viable through the recent changes in legislation and policy, obliging EU member
states to curb carbon emissions.
Energy efficiency is known as the first renewable or in other words it should be the first
step before the introduction of renewable energy, however, renewable energy will still
play a key role in the overall solution, wide scale adaptation is still affected by existing
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fundamental problems. The design and installation of the renewable energy system can

be optimised to maximise performance, however, often issues persist such as the seasonal
gap. This is simply the challenge to store excess energy in the summer for use during the
winter period when demand for energy is higher. It is precisely this point that articulates
the strength in combining low energy standards such as Passive House, together with
renewable micro generation. This approach will involve less cost (reducing the capital
and maintenance costs associated with renewables) and reduces scale of issues relative to
energy storage and seasonal gaps (Schnieders, Feist and Rongen, 2015).
A recent awarding winning publication by Austrian architect Kate Nason stated, “A key
finding from my research was that the Passive House (Passivhaus) Standard is becoming
the cornerstone to sustainable building policy across each of the cities I visited”(Nason,
2020)
These Passive house standard energy demand targets are met through five main principles
shown in Figure 3. These principles not only will ensure the demand targets, but they also
contribute to a quality assured high-performance building.

1. High levels of insulation to produce a typical U- Value of 0.15 W/m2k
2. Thermal bridge free detailing, assessment, and execution on site
3. High performance insulated window frames and triple glazing correctly installed.
4. Defined airtight target for building envelope to 0.6 ACH per hour
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5. Mechanical Ventilation with highly efficient heat recovery >75%
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Figure 3: Certified Passive House five principles by the Passive House Institute
(Passive House Institute, 2016)

2.5.1 Principle One: Thermal Insulation
Thermal Insulation is the first principle of the certified passive house standard concept or
methodology, more so in north west Europe in countries like Ireland and the UK where
the climate can be variable and thus the heating demand is needed year-round. The
methodology will refer to the building shell as the building envelope consisting of the
floor, walls and roof providing an enclosure to protect the occupant from the elements.
However, at a more sophisticated level the aim is to provide a level of thermal comfort
regardless of the climate outside the building fabric. The standard defines that thermal
comfort must be met (20oC) for all living areas year-round with not more than 10% of the
hours in any given year over 25°C.
In the heating season the indoor environment will be warmer than the external
temperature (Passive House Institute, 2013). In this situation the heat will endeavour to
escape through the building fabric to outside and this will have a direct influence on the
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heating needed to maintain the comfortable environment (Schnieders, Feist and Rongen,

2015). This is where the role of insulation is required, the insulation will restrict the heat
flow from inside to outside and in turn reduce the amount of heating which is required as
less heat will be escaping in a structure which has insulation. Insulation can be effectively
installed in all construction systems both traditional solid and timber construction and
with newer systems such as prefabricated, and steel construction (Passive House
Database, 2019). The loss of heat from both the roof and wall elements can account for
70% of the overall heat lost in a given building (PHI, 2016).
It is clear how effective insulation is to save heat loss in a building as well as maintaining
thermal comfort. The common measurment of insulation in an element is by U-Values or
thermal transmittance; under the certified passive house standard the criteria range from
0.10 to 0.15 W/(m²K) (Passive House Institute, 2016). Certified buildings typically yield
an energy reduction of more than 90% once compared against existing building stock
(Passipedia, 2015).
Finally, at the above level of specification it means there is almost no requirement for
active heating as the heating demand is now so small, even heat from the sun through
windows and heat from the occupant would contribute to the heating demand. It is
estimated that “Passive House projects use just 1.5 litres of oil per year per square metre
of floor area, this conveniently equates to €1 heating cost/m2/year” (PHAI, 2020).

2.5.2 Principle Two: Thermal Bridging
As outlined in the last section, heat will always migrate towards the outside. This heat
flux will pursue the weakest areas of the building envelope. These weak points are
referred to as thermal bridging, which can be defined as a section of the building envelope
or fabric when the heat flow is changed due to a corresponding change in the insulation
or the thermal resistance relevant to the adjacent areas (this issue will be exacerbated at
cold times of year). At these locations on the building envelope, low interior surface
temperatures will present; this can often result in condensation and in extreme situations
lead to moisture penetration in building envelope components which could also produce
mould growth (Dollard, 2019). Both effects of thermal bridges are eliminated in certified
passive houses standard construction: the interior surface temperatures are then elevated
and are consistent across the building fabric so that cold spots can’t occur meaning that
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moisture cannot occur, and the corresponding additional heat losses become insignificant.
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If there are thermal bridge losses lower than the limit value set at 0.01 W/(mK.), then the
detail meets the criteria for “thermal bridge free design” (Hopfe, 2015).
Thermal bridge free design is now of more importance because regulations demand more
insulation for buildings. Insulation to the planar elements of construction i.e. walls floor
and roof are the areas of this insulation increase, the weak parts at the junctions between
these elements, will become more significant as heat loss is accelerated at these points.
If the passive house thermal bridge free design is performed through the building fabric
or envelope, this will equate to a reduction in the heating demand. Thermal bridge free
design below 0.01 W/(mK.) will require consideration in the detailing and attention to
detail on site but if executed this will also eliminate mould and condensation risk and
increase the durability of the building. Unfortunately, these issues of mould and
condensation are still prevalent in much of the current building stock and even in recent
construction as the issue of thermal bridging was not addressed, and the thermal dynamics
of previous old construction was incorrectly applied to modern construction (PHI, 2016).
Areas of mould and condensation will typically present where the heat flow changes
resulting in a low surface temperature. This effect is often more pronounced where air
circulation is limited such as in corners and edges. Furniture will also disrupt convection
hence why mould is often found in these locations (PHI, 2016).
These situations can all result in condensation through capillary action will also migrate
from the inside towards the outside. This will increase the thermal conductivity of an
element and increase the U-Value which will affect the building performance. However,
even greater is the risk of moisture damage to the building structure and mould formation
on structural timber elements. This articulates the risk presented by poor detailing.

2.5.3 Principle Three: Windows and Orientation
The criteria states the metrics for the frame and the glass must have a U-value of 0.80W/
(m²K) or less and once installed in the building fabric this U-value of no more than 0.85
W/ (m²K) (Cotterell, 2012). The passive house standard also outlines a specification for
its independently certified window components. These components include insulation
inside the window mullions or on the outside of the frame, reducing the amount of
framing sections is also advocated. A number of rubber seals at the openings for
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airtightness and the solar transmittance or g-value must be higher than 50% in order to

yield a net solar gain over the heating season (Passivhaus Trust, 2015). The g-value is a
measure of how much solar heat is allowed in through a window. This high-quality
glazing and framing must be installed in the correct manner to stay thermal bridge free
and maintain the defined airtightness level.
Another differentiating feature of the certified passive house standard which is not fully
appreciated is that the building needs to be orientated in the correct way in order to best
harvest the daily heat, but critically it utilises local weather data from Meteonorm (default
meteorological database) for a specific location. This is not however directly related to
the construction method. It is design stage requirement; however, it is an important aspect
to understand of the certified passive house standard (Passive House Institute, 2016).
The concept also promotes two considerations with windows the first of which is
overheating. In order to mitigate the risk of overheating south facing windows should
employ some sort of shading and the same is true for the west facing windows. It is also
stipulated that windows must have a function to allow opening for cross ventilation in
summer. The passive house standard has a requirement that the building cannot exceed
25oC for more than 10% of the year or 876 hours. During the literature search there was
a significant number of studies which focused on the topic of overheating in passive house
buildings (Mitchell and Natarajan, 2019), (McLeod, Hopfe and Rezgui, 2012),
(Vijayakumar, 2013) and (Murphy and Tuohy, 2013) the conclusions where conflicting
and its was not made clear if the buildings monitored in these studies where actually
certified passive house buildings.

2.5.4 Principle Four: Airtightness
The defined airtightness targets for certified passive house dwellings must be measured
with a pressure test or blower door test. The result of this test cannot exceed 0.6 times a
buildings volume per hour 50 Pascals of pressure (Passive House Institute, 2016).
Another symptom of poor design and execution is at the joints and gaps in the building
envelope where there will be uncontrolled air infiltration and ingress causing significant
heat loss and occupant discomfort. There exists a rule of thumb “that poor airtightness
ensures good ventilation in dwellings” (Passive House Institute, 2013), but the
contradiction with this is that the air exchange rate is solely dependent on weather outside
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and in particular the wind speed; in periods of calm weather air exchange rates will be
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greatly reduced. “The air flow rate is too variable to maintain a consistent hygienic level
of air exchange and high ventilation heat losses are inevitable” (Passive House Institute,
2013). The average air permeability in dwellings built in 2017 was 3.7m3/hr/m2 @50Pa
(Pascals) in comparison to an average pressure test result of 12m3/hr/m2 @50Pa for
dwellings built around the early noughties. This illustrates the trend over the last decade
with respect to the airtightness levels in dwellings (Colclough et al., 2018). To achieve
the Passive House standard requires airtightness results of ≤ 0.6m2/h/m3 and ≤ 1.0m2/h/m3
to achieve the EnerPHit Standard. A superiorly airtight building will facilitate balanced
mechanical ventilation with heat recovery, maintaining comfort while preventing
moisture damage.

2.5.5 Principle Five: Mechanical Ventilation with Heat Recovery
Balanced mechanical ventilation with heat recovery are essential in facilitating energy
performance. These systems with recover the heat which is normally carried out in the
exhaust air. The principle is that they ensure that the latent heat carried by the exhaust air
is not wasted, but instead is first transferred to the incoming fresh air without the two air
streams ever physically mixing. This technology, which is advocated by the passive
house institute, certified components are equipped with automatically controlled summer
bypasses function, thus allowing the incoming air to bypass heat exchange, for example,
during the night at times when days are warm, and nights are cool. This is another feature
of the standard which was not clearly articulated in previous studies on overheating
(Lamond Will, 2011), (Lundberg, 2009). A recent paper by (Grant and Siddall, 2017)
titled designing for summer comfort outlined these points. A Passive House can only
function with a highly efficient heat recovery, as ventilation systems without heat
recovery will waste far more energy per year than a Passive House uses for heat over the
year (at the same rate of air exchange, a ventilation unit without heat recovery may lose
about 24kWh/(m²yr) and the maximum space heating demand in a certified passive house
is only 15kWh/(m²yr) (Rosemeier, 2014).
The balanced mechanical ventilation systems with heat recovery employed in certified
passive houses are required to have heat recovery efficiencies of at least 75% while the
electricity consumption for such systems must not exceed 0.45 Wh/m³ which equates to
a running total of approx. €30 per year. In addition to this the acoustic load of the
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ventilation systems for use in certified passive houses must not exceed 25dB. Pipes and

values should be planned accordingly, making use of silencers. The overall mechanical
ventilation system with heat recovery ensures that quality, pre heated fresh filtered air is
delivered consistently. Uncontrolled infiltration or draughts are eliminated. It is important
that the fresh air entering the building does not exceed 30m³ per hour per person, to avoid
overly dry air (Siddall, 2015). Such a ventilation system should not be confused with air
conditioning systems; humidifying the air within the ventilation system is to be avoided
for reasons of hygiene. These systems which recirculate air have become notable during
the Covid 19 global pandemic when it has been recommended that systems by turned off
(Kurnitski et al., 2020).
The ventilation systems used in Passive Houses provide hygiene comfort indoor air
quality using a high quality, intake air filter minimum F7 (Fine dust, particle size 1 - 10
µm), exhaust air filter G4 (Coarse dust, particle size > 10 µm). During heat recovery, the
exhaust air does not mix with the supply air. For reasons of hygiene, a humidifier within
the ventilation unit is not possible (PHI, 2016). It is important to understand in this
research that Passive Houses utilise ventilation systems, not air conditioning systems
(Passive House Institute, 2013).

2.6 EnerPHit: The Passive House Certificate for Retrofit
The retrofit classification under the passive house method is called EnerPHit. The
classification was introduced in 2011 and has become the established methods using the
five main principles which was outlined in the previous sections. The benefits provided
for the occupant include an increase in thermal comfort, structural integrity and energy
efficiencies. EnerPHit is a unique classification for existing building retrofits and is not
available for new builds.
It was acknowledged that to reach the certified passive house metrics in a retrofit situation
would be challenging “it is not always possible to achieve passive house standard for
refurbishments of existing buildings” (Passipedia, 2016), therefore the institute in
developed this classification (PHI, 2016) see Figure 4.
The specific target metrics are hence relaxed to account for the challenges of retrofit: for
example – the airtightness metric for the classic Passive House Standard classification is
<0.6 air changes/hr@50Pa, while the corresponding metric for EnerPHit Standard
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classification is <1.0 air changes/hr @50Pa. The metrics for the space heating demand
41

for a classic passive house classification is <15 kWh/m2.yr, while for the EnerPHit
classification it is <25 kWh/m2.yr (PHI, 2016).

Figure 4: The Passive House Institute Certified Standard for Retrofit – EnerPHit
(Passive House Institute, 2016)

2.7 Quality Assurance
An issue to confront and establish clearly is the definition of what is a certified passive
house building. As this is integral to this PhD research study. Passive House refers
speciﬁcally to the international passive house standard as developed, deﬁned and
administered based upon rigorous scientific research and testing by the Passive House
Institute (PHI) in Darmstadt, Germany. The term “Passivhaus” or “Passive House” is
often used when referencing a building that has been designed to this internationally
recognised standard. It is considered by some to be the world’s most rigorous quality
assurance standard for energy efficient buildings, with a very clear set of requirements, it
is possible to check if a building meets the deﬁnition of a Certified Passive House
Building (Passivhaus Trust, 2015). The standard has a reputation for not only energy
efficiency, but also comfort and quality. This has led to a rapid growth in the adoption of
the standard and global interest in the buildings that result (Siddall, 2015).
To support the quality assurance that is offered by the standard, the PHI has defined
requirements for Passive House buildings, products, designers and consultants. Within
Ireland and the UK, there are claims that buildings meet or exceed the Passive House
Standard simply because they might meet one or more of the requirements of the
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Standard. Claims have also been made that buildings are designed using “Passive house

Principles.” For example: they achieve the air-tightness target, incorporate insulation to
levels that are akin to the recommended U-values, or have been shown to have a space
heating energy demand of less than 15kWh/m2/yr. using Dwelling Energy Assessment
Procedure (DEAP) in Ireland or the Standard Assessment Procedure (SAP) which are
regulatory compliance software tools. In such situations it is incorrect to claim that such
a building satisfies the Passive house Standard or that it adheres to the principles that
underpin the quality assurance standard.
A building may not be described as a Passive House unless it has been modelled in the
Passive House Planning Package (PHPP) and meets all the requirements of the Passive
House Standard. The PHI established a process to certify buildings meet the Passive
House Standard, and PHI publishes quality assurance criteria. In order to achieve the
Passive House Standard, a project must clearly demonstrate that it meets the validated
quality assurance requirements (Passivhaus Trust, 2015).
It is reasonable to claim, or declare, that a building is a non-certified passive house, or
satisfies “Passive House Principles”, if it meets all the quality assurance requirements
established by the Passive House Standard. If the quality assurance protocols endorsed
by the Passive House Standard have not been observed during the design and construction
of a building, then claims that such a building satisfies the Passive House Standard are,
at the very least, unfounded and at worst, under consumer law, both misleading and
fraudulent. Such claims also risk bringing the Passive House Standard into disrepute
(Siddall, 2015).
There has already been a court case in the UK where a building was claimed to be a
Passive House but the court claim found a property developer guilty of misleading
customers by advertising new homes as Passive House, although they did not meet the
standard. This has now provided a legal precedence for falsely claiming the Passive
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House Standard (Johnston and Siddall, 2016).
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2.8 Quality Assurance Requirements:
The review of literature has found that it’s there is a clear methodology or quality
assurance framework with the certification to the passive house standard regardless of
which classification. The following 10 points illustrate this quality framework in order to
satisfy the energy performance requirements outlined in Table 1.

1. All projects claiming passive house certification must have correctly entered all data
into the Passive House Planning Package (PHPP) excel based software.
2. All construction details must be modelled using thermal modelling software and in
order to claim that the construction ins thermal bridge free the results must be below 0.01
W/(mK.)
3. The U Values of all main elements should be below 0.15 W/(m²K) and the U Value of
the windows installed must not exceed 0.85 W/ (m²K).
4. The surface of the inside of the triple glazing of the windows must stay above 17°C.
5. The airtightness tests must be conducted in accordance with EN 13829 and the average
result from both tests must meet the Passive House standard target of ≤ 0.6m2/h/m3 or the
≤ 1.0m2/h/m3 target for the EnerPHit Standard.
6. The mechanical ventilation with heat recovery system installed must meet the robust
performance specifications for the system.
7. The mechanical ventilation unit with heat recovery must be commissioned and
balanced to satisfy the criteria of the passive house standard.
8. The builder of the building must sign a formal statement outlining that the construction
is built to the specification of the contract.
9. A pre-determined list of stages and sections must be photographed so there is
photographic record of the construction phases.
10. The full package of construction drawings, specifications and details must be
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produced and retained for records.

Table 1: Passive house standard energy performance requirements as determined
by PHPP (Passivhaus Trust, 2015)

2.9 The Performance Gap
The performance gap in buildings is described as the difference between the thermal
performance predicted from building modelling and the actual measured energy in-use
once the building is built and occupied (Gupta and Dantsiou, 2013). It would be realistic
to expect some variations in measured building performance, as people will not use
buildings in a uniform way: households are diverse, occupation patterns are different, and
internal comfort temperatures vary (De Wilde, 2014). Therefore, some dwellings will use
more energy than predicted and others less (Kinnane, 2017). However, emerging research
suggests that mean measured energy is significantly higher than mean predicted energy
and this suggests there is an inherent problem between design expectations and the energy
performance of buildings in-use. The Zero Carbon Hub has undertaken a review of
research nationally into the performance gap and has concluded that there is clear
evidence of a performance gap in new dwellings, which is a risk to home owners,
developers, and government (Zero Carbon Hub, 2014a). Field testing has shown that heat
loss can be up to 50%-60% more than design stage predictions (Gorse et al., 2015) and
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total energy use between 150% and 250% more (De Wilde, 2014).
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One of the challenges to understanding the performance gap is the absence of post
occupancy monitoring data meaning that the construction industry does not know if it is
delivering to current standards and, as these standards demand better U Values, there is a
greater risk that the performance gap will also increase (Gorse et al., 2015).
However, homes constructed to the passive house standard do not suffer from the same
performance gap as measured energy performance is much closer to, or better than,
predicted thermal performance (Schnieders and Hermelink, 2006), (Ridley et al., 2013a)
and (Johnston and Siddall, 2016).

2.10 Post Occupancy Evidence
A significant post occupancy monitoring study on Passive House was funded by the EU.
The name of this project was titled CEPHEUS (Cost Efficient Passive Houses as
European Standards). The aim of this research project was to robustly conduct a technical
viability study to examine with the passive house standard could be employed large scale
in central Europe. Five countries participated in the study from 1998 to 2001. Across the
countries of Sweden, France, Germany, Switzerland and Austria 221 dwellings were
constructed. The results of the monitoring produced over a year found an average of 20
kWh/m2/year which represented a reduction of 83% at that time (Schnieders, 2003) and
(Feist, Peper and Görg, 2001).
The monitoring project also yield evidence of the passive house standard with respect to
overheating frequency. A total of 38 dwellings located on 2 separate sites were monitored
in the summer months from May to August and found an average of 21.9oC and 23.6oC
on both sites. Both results were below the overall overheating threshold of 25oC required
for certification (Schnieders and Hermelink, 2006).
The early results of another study show that taking the average of all the 31 dwellings
with space heating measurements and 19 homes with internal temperature measurements,
there is no evidence of a performance gap in certified Passivhaus homes in the UK.
However, the number of homes in the database is still small. This will be further tested
as more homes are added to the database and there can then be greater confidence in the
results (Schnieders, 2003).
A post occupancy monitoring study (Mc Carron, 2017) of the certified passive house
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building CREST located in Northern Ireland which was published in the conference

proceedings of the 21st International passive house conference, this can be found in the
appendix. This paper outlined 2 years data on the building performance and it was found
that the building had performed slightly better than was calculated in the PHPP, the
software predicted an heating demand of 13.0 kWh/(m2a) and in year one recorded 11.6
kWh/(m2a) and in year two recorded 12.1 kWh/(m2a). This publication also presents IAQ
monitoring data, which was also encouraging, the indoor temperature was maintained at
the 21oC which was the design target, measured CO2 on average was below 1000ppm
which is the accepted indicator for good IAQ and then finally the RH% was maintained
in the recommended range of 35%-55% (Mc Carron, 2017).

2.11 The Governance of the Construction Industry
A succession of reports has provided insight into the construction sector in both Ireland
and the UK. The first of prominence was the 1994 published the Latham Report (Latham,
1994) which was commissioned to investigate the perceived issues with the construction
industry. Sir Michael Latham described the industry as “ineffective”, “adversarial”,
“fragmented” and incapable of delivering for its customers. This was followed by the
Egan report titled Rethinking Construction published in 1998, Sir John Egan concluded
that ‘the sector is under achieving’ and called for ‘dramatic improvements’ (Egan, 1998).
Moving to more recent times the Farmer Report published in 2016 titled Modernise or
Die the report suggests that the UK’s construction industry faces ‘inexorable decline’
unless longstanding problems are addressed. In particular, the author highlights the
sector’s “dysfunctional training model”, its “lack” of innovation and collaboration, and
its “non-existent” research and development (R&D) culture (Farmer, 2016).
Also, published in 2016 was the Bonfield Review called Each Home Counts. The
objective of the review was to investigate, and make recommendations, about how
consumers can be protected and advised when installing energy efficiency and renewable
energy measures in their homes (Bonfield, 2016b). In response to the review, one
prominent housing association in the UK said: “The Quality Mark is a good thing for the
industry, but it must have weight. If properly backed by enforcement, then it will work.
If it leads to quality as in the form of the best Passive House schemes, then it will work.
If it simply becomes a badge for installers to win more work, then the Bonfield
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Review will have been for nothing.” (Bonfield, 2016b). These eminent reports
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demonstrate that the industry has a systemic issue with delivering quality as a sector and
in terms of energy efficiency this manifests itself in the form of the previously mentioned
performance gap.

2.12 Building Control in the UK and Ireland
The sample of monitored homes in the PhD study are in the Republic of Ireland, Northern
Ireland and England. There is a lack of consistency also prevalent in the approach and
enforcement of building control in the Republic of Ireland and in the UK context.
Regionally there is significant differences in the approach to building control and onsite
inspection. The approach in England and Wales, differs to that of Scotland and Northern
Ireland. Building Control in the UK and Northern Ireland

2.12.1 Building Control in the UK and the Republic of Ireland.
In the UK and Northern Ireland again to provide evidence of compliance with the current
building regulations, a formal process is outlined in each jurisdiction, but all have one
common denominator which is onsite inspections by an independent third party at predetermined stages of a construction project.
In the Republic of Ireland (ROI), to demonstrate compliance with the building
regulations. The latest iteration of building control provides two options in the form of
opting in or opting out. A key differential to the UK to note is that the ROI building
control system is self-certified. This means that compliance with the building regulations
is not routinely checked by the authorities.
With both options ‘opting in’ or ‘opting out’ one will have to upload project information
to the Building Control Management System (BCAR). While, the local authority may
inspect the works and demand that documents be produced to prove that the building has
been built to the required standards, and ensure that elements they have inspected are
rectified to be brought up to standard, they are in no way in a position to vet or sign off
on the build or indeed on any of its stages. There is no signing off by the authorities
at completion either. Compliance checks are instead done by individuals (the owner/selfbuilder or an assigned certifier). This is the major difference to the UK approach, whereby
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Building Control departments come to inspect every construction project at various stages

to make sure the work is being carried out correctly. The idea of the system is that it
provides a means of documenting everything to the greatest extent preconstruction, and
then, if things were to go wrong the documents will provide the information to determine
who is responsible. On this issue of opting in and opting out, a question was arranged to
be asked to the Minister for Housing; Planning and Local Government in Dáil Éireann on
the amount of home which opt out per year. The response was a referral to the anonymous
database. The official question and response in appendix.

2.12.2 Certification to the Passive House Standard
The certified passive house standard as outlined already has been employed for almost 30
years. Over this time buildings built to the standard have demonstrated that the high levels
of comfort and energy savings associated with the passive house standard are achieved
through independent quality testing. All certified passive house buildings undergo a
rigorous compliance process. Certification is also available for specific components,
designers, consultants, and tradespeople.
Again, as outlined all proposed passive house designs must undergo energy modelling
conducted via the Passive House Planning Package (PHPP) software. Tests ensure these
targets are met, completing the quality assurance process. A certificate is only issued if
the exactly defined criteria has been met without exception.
The typical praxis shown in Figure 5 will start with, all energy relevant specification
documents and technical data of the construction products as well as the completed
(PHPP) calculation are to be submitted to the Certifier before the start of construction
work.
This information is then inspected and comparison with the energy balance calculation,
the Certifier will inform the clients of any necessary corrections. Once this step has been
satisfied confirmation will be provided that the building will achieve the desired energy
standard if constructed according to the design and specification.
Upon completion of the construction phase, any changes in the building from the design
plan will be updated in the final review of documentation of the construction work
(airtightness test, documentation of flow rate adjustment of the ventilation system,
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Execution of the construction work is recorded with photographic means on site as part
of the certification procedure. Additional quality assurance of the construction work in
the form of inspection by the certifier can take place but is not a requirement for
certification; it does however it may be appropriate if the construction management does
not have any experience with the construction of passive house buildings or EnerPHit
retrofits.
If all criteria have been fulfilled, the building owner will receive the following:
 The Certificate
 A supplementary booklet with documentation of the energy balance calculation and all
relevant characteristic values of the building
 A wall plaque (optional)
The authenticity of the certificate will be confirmed by an identification number that will
be specially issued to the Certifier by the Passive House Institute for each building.
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Figure 5: Passive House Certification framework (UK Passive House Trust).

This overview of the building control mechanisms is included as there is a consistency
found in the literature review on the performance and quality assurance of the passive
house standard (Colclough, Hewitt and Griffiths, 2017) . In contrast there is also a general
narrative of poor performance or performance gap in standard construction as outlined
previously. This contrast pertains to the issue of building control or quality assurance.

2.13 Chapter Summary
Climate change is referred to as a generational challenge therefore, to limit the impact on
future generations, it is incumbent to reduce carbon emissions. This chapter introduces
the importance of the built environment to adopt new standards, the narrative then
outlines in detail the passive house standard with deliberate effort to distinguish it from
other methods and approaches. This is significant as the study will exclusively focus on
this standard and its corresponding performance with respect to radon. The chapter
concluded with an overview of the performance gap along with insight as to why this
persistently occurs in the construction industry.
The following chapter will outline the influence of the controlled and uncontrolled
ventilation strategies for domestic buildings along with passive house criteria for
ventilation with a focus on the ramifications of resulting indoor environment found in
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existing literature.
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3 VENTILATION STRATEGIES AND INDOOR AIR QUALITY

3.1 Chapter Introduction
This chapter will begin with an overview of Indoor Air Quality. The chapter will then
focus on the various ventilation strategies and discuss the influence of airtightness and
the corresponding performance of these systems on indoor air quality. The chapter closes
with synopsis of the issues which affect performance and present evidence found in
literature which outlines the benefit of a quality assurance framework.

In early 2019 the (CCC) published the “Housing Fit for the Future” report (CCC, 2019).
This report assesses whether the UK’s housing stock is adequately prepared for the
challenges of climate change; both in terms of reducing emissions from UK homes and
ensuring homes are adequately prepared for the impacts of climate change. The key
findings of the report are that, the UK’s legally binding climate change targets will not be
met without the near-complete elimination of greenhouse gas emissions from UK
buildings. This underlines the urgency outlined at the beginning of chapter two. A key
action proposed in this report stated that new homes should be built to be low-carbon,
energy and water efficient, and climate resilient. The Passive House standard or fabric
first approach dovetails with this key action.
A typical example of this, is the fabric first approach and increasing requirements for
airtightness in housing. Whilst this achieves the primary objective of reducing heat loss
through infiltration, the other requirements for ventilation continue to be misunderstood.
There is a body of literature providing evidence of poor Indoor Air Quality (IAQ) and
inadequate ventilation. This section provides a context of that body of knowledge in this
field; summarising, evaluating previous studies relating to IAQ in modern, airtight
dwellings. The effect of energy efficient design strategies (Passive House) on occupant
health and wellbeing remains significantly under-researched. Post Occupancy
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Evaluations (POEs) in energy efficient homes remain disturbingly low (McGill, 2016).

In the final report by (Zero Carbon Hub, 2014a) of balanced Mechanical Ventilation with
Heat Recovery (MVHR) systems in new homes, identified that there was limited
published studies on IAQ in nearly zero energy homes in the UK. The report IAQ task
group recommended, ‘further research should be undertaken by Government to inform
future amendments to Building Regulations guidance and ensure public health and
safety’. This principle will be discussed in more detail in the following sections.

3.2 Indoor Air Quality (IAQ)
It has been found in consulted literature that populations of western countries spend, on
average, 92% of their time indoors per day, with approximately 60% of their time spent
in the residential environment (Klepeis et al., 2001; Broderick et al., 2015), the residential
environment deserves attention.
The diversity of air pollutants that exist in a typical indoor environment is considerable,
(CIBSE, 2011). For example, it is estimated that the air within buildings could contain as
many as 900 different contaminants (United States Environmental Protection Agency,
2014), with various vapours, gases and particles present in every breath we take (Spengler
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and Chen, 2000).
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Table 2: Sources and Types of indoor air pollutants (Turiel et al., 1983)

The concentration of an air contaminant indoors depends on several factors; including
(Maroni, Axelrad and Bacaloni, 1995):
I. The ventilation rate (infiltration and purpose-provided ventilation)
II. The volume of air indoors
III. The pollutant production rate
IV. The rate of elimination (through settling, filtration or reaction)
V. The concentration of the pollutant in outdoor air
Typical indoor air pollutants include chemicals released from furnishings, cleaning
products, building materials, and activities such as cooking and heating (MilitelloHourigan and Miller, 2018).
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A summary of sources and types of air pollutants found indoors is provided in Table 2.

Indoor air pollution has been classified by the Environmental Protection Agency (EPA)
as one of the top five environmental risks to human health (United States Environmental
Protection Agency, 2014). The following section outlines the IAQ parameters relevant to
this study, including a summary of the recommended guideline levels used. It is not
intended as an exhaustive review, but rather an explanation of parameters and benchmarks
to contextualise the study.

Figure 6: Indoor Air Quality Graph by Pfuger (Feist, Pfluger and Hasper, 2019)

The graph shows in Figure 6 illustrates both the optimum RH% range and comfort
temperature range. It also highlights the negative effects which result if outside these
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3.2.1 Carbon dioxide
Carbon dioxide (CO2) levels correlate well with human generated pollutants however
may be unconnected to pollutants that are not related to occupancy, such as radon or off
gassing of building materials. Carbon dioxide as a proxy of ventilation rates, there is a
general acceptance that CO2 levels above 1,000 ppm are indicative of poor ventilation
rates (Porteous et al., 2014). Today, the relevance of this standard remains, with the 1,000
ppm limit value referenced in many national and international guidelines, however recent
ASHRAE standards now recommend a differential carbon dioxide limit of 700 ppm
above ambient levels as opposed to an absolute value of 1,000 ppm, to account for rising
ambient levels (Petty, 2017).

3.2.2 Relative humidity
Relative humidity is the ratio of water vapour present in the air at a specific temperature
to the maximum amount of water vapour that the air could hold at the same temperature,
expressed as a percentage (Bluyssen, 2009). It is measured primarily in IAQ studies to
identify the risk of mould growth, dampness or proliferation of house dust mite indoors.
There exists however considerable debate regarding the acceptable levels of relative
humidity indoors.
The (United States Environmental Protection Agency, 2014) for instance advise
homeowners to maintain indoor relative humidity levels between 30% and 60%, to help
control house dust mites and mould. These recommended guideline levels are supported
by both the Chartered Institute of Building Services Engineers (CIBSE, 2011) and the
Building Research Establishment (Raw et al., 2004).
Literature relating to the control of mould growth however suggests an upper guideline
level of 70% (CIBSE, 2011). A minimum recommended level of 30% RH indoors is
advised to reduce the risk of respiratory ailments resulting from dry mucous membranes

56

Word Template by Friedman & Morgan 2014

(Baughman and Arens, 1996).

3.2.3 Temperature
Although this study did not intend on investigating thermal comfort conditions in the Case
Study dwellings, indoor temperatures were nevertheless objectively and subjectively
measured. Indoor temperature and relative humidity levels have a significant impact on
both the perception of IAQ and the concentration of specific pollutants indoors (Fang,
Clausen and Fanger, 1998).
This thesis does not engage with other IAQ parameters including Airborne fungi and
bacteria, Formaldehyde and Volatile Organic Compounds (VOCs). It is beyond the scope
of this study to examine these in detail, the focus of research will be radon.

3.2.4 Particulate Matter 2.5
A recent study by (Moreno-Rangel et al., 2018) investing a the indoor air quality of the
first certified passive house building in Latin America found that results from the case
study suggested that Passive House design strategies could help to protect building
occupants from outdoor air pollution, based on the lower concentrations of particulate
matter (PM2.5) that were found in the passive house apartment compared to the external
environment. This contrasted with the results of the control home where PM2.5 levels
were higher than ambient levels. This is of relevance to this PhD study as radon particles
will attach to particulate matter (PM2.5) and this is how they could be inhaled. This will
be outlined further in the next chapter.

3.3 Coronavirus Disease (COVID-19) Mitigation
The disease (Covid-19) and the virus which causes it severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) have recently thrust the issue of IAQ into the spotlight.
Debate currently exists (summer 2020) in the scientific community on weather covid-19
is airborne. There is an emerging consensus among aerosol scientists, (Shen, Li, Dong,
Wang, Martinez, Sun, Handel, Chen, Chen, M. Ebell, et al., 2020) who contend that the
evidence indicates that airborne spread of Covid-19 is a significant risk factor for
transmission of the virus (Lu et al., 2020). Recently REHVA, the Federation of European
Heating, Ventilation and Air Conditioning Associations, has published interim guidance
on the operation and use of building services in areas with a coronavirus disease (CovidWord Template by Friedman & Morgan 2014

19) outbreak. The guidance document says virus particles in return ducts can re-enter a
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building if centralised air handling units have recirculation. It recommends avoiding
central recirculation during SARS CoV-2 episodes and closing the recirculation dampers,
even if there are return air filters, as the guidance says these don’t normally filter out
viruses. Recent evidence continues to indicate airborne transmission to be a major factor
in the spread of the virus (Shen, Li, Dong, Wang, Martinez, Sun, Handel, Chen, Chen, M.
H. Ebell, et al., 2020) . The inference is that CO2 levels are a method of measuring Covid
transmission by proxy. Leading research in this field has cited 2019 research (Du et al.,
2020) from a tuberculosis outbreak in Taipei University in Taiwan, where classrooms
measured CO2 levels breaching 3,000 ppm. When the CO2 levels where brought down to
under 600 ppm the outbreak stopped. “According to the research, the increase in
ventilation was responsible for 97% of the decrease in transmission” the research
concluded that a revised CO2 target of 600ppm is recommended (Miller et al., 2020).
“Covid-19 should be a wake-up call for the building industry, for governments and for
statutory regulators of the construction industry. It’s only when building heat load is very
small (such as in a Passive House building) that ‘hygiene ventilation’ is possible. Hygiene
ventilation is a term used to describe 100% fresh air supply (no recirculation) that is
provided in the quantity needed for optimal human health. In a building with very highquality fabric designed for low heat losses, and without excessive window areas, and with
summer night natural air-cooling, then a crossflow heat exchanger is the perfect solution
for comfort, economy and ample fresh air through the heating season” (Bere, 2020).

3.4 Increased Airtightness
Improving airtightness levels of the UK housing stock is expected to play an fundamental
role in limiting energy loss through uncontrolled infiltration of air (Roberts, 2008).
Airtightness standards in both Ireland and the UK construction sectors are continually
improving, both jurisdictions improved airtightness requirements for dwellings through
corresponding building regulations in recent years. Airtightness can be expressed in
different ways, such as the n50 value used by the Passive House Institute (ACH @ 50Pa),
and the q50 (m3/hr/m2) used for building regulations and energy ratings in both Ireland
and the UK. The n50 value measures the number of times the entire volume of air in a
building changes within an hour, while q50 measures the number of cubic meters of air
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leakage per hour per square metre (m2) of envelope area. Both values assume a pressure

differential of 50 Pascals (i.e. pressuring and depressuring to 50 pascals and averaging
the results out). This is said to be equivalent to a 20mph or 30kmh wind force being
applied to the home at the same time from all sides.
The performance of ventilation is of paramount importance in airtight dwellings. This
premise is now well known and has been publicised widely through the ‘build tight,
ventilate right’ campaign, first introduced by the Swedish Building Code (Elmroth and
Hoglund, 1974). This is also advocated by the Building Research Establishment (Report,
2016) who explain, ‘As dwellings are made more airtight, internal pollutant sources can
have a greater impact on indoor air quality and occupants may experience adverse health
effects unless ventilation is effective.’ The inference is that mechanical ventilation is the
most applicable ventilation strategy that is appropriate with airtight buildings.
It is clear from the review of literature that this is a confused space, apprehensions and
misunderstandings regarding the high levels of airtightness sought in the approach to
passive house, nZEB or retrofitting dwellings still remain in the industry, concern is
focused on whether these strategies would result in a healthy indoor environment
(Woolley, 2016). This is supported by findings presented by the (Zero Carbon Hub,
2014b) who state that less than half of building occupants surveyed perceived the idea of
an ‘airtight’ home favourably.
Much of the research reviewed is negative and portrays airtightness as a standalone
measure, a study by (McGill, 2016) investigating the impact of airtightness on IAQ
concluded that ventilation provision in airtight dwellings must be fail-safe: that is, if a
ventilation system fails to operate, basic ventilation requirements for occupant health and
safety must still be met, for this to be achieved, the suggestion is that airtightness levels
higher than 3m3/(h.m2) must be maintained. This is supported by the results of a
modelling study by (Janssen, 2003) who concludes that the level of airtightness achieved
in buildings should be limited in order to ensure that minimum air change rates are
achieved and to provide adequate protection against radon exposure indoors. This is of
significance to this study. In both these studies the authors are referring to airtightness
coupled with natural means as the ventilation strategy. On the contrary (Uhling, 2010)
explains, the risk of radon accumulating to hazardous concentrations indoors decreases
significantly with the amount of effective ventilation or mechanical ventilation. As homes
become more airtight, less dependence can be placed on permeability of the building
envelope to achieve adequate ventilation for the building. Even though infiltration
Word Template by Friedman & Morgan 2014

(natural ventilation) is not considered a good strategy for effective ventilation (Sharpe et
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al., 2015), inattentive tightening of building envelopes has the potential to increase
exposure to airborne pollutants, combustion gases (Richardson and Eick, 2006), indoor
humidity and mould growth. Furthermore, the likelihood of airborne spread of infections
may increase in “tighter” building designs (Schenck et al., 2010). These studies
concentrate heavily on the topic of airtightness and potential negative results but fail to
articulate the corresponding ventilation strategy. The next section will examine
ventilation rates. This confusion on the topic of airtightness is visible in much of the
literature reviewed along with an inconstancy of metrics in ventilation.

3.5 Reduction of ventilation rates
Research relating to residential ventilation rates and health are extremely limited
(Spengler, 2012) (Sundell, 2004). Despite this, the relationship between ventilation and
health has been well documented in the commercial context and has been the primary
focus of several review papers to date (Sundell, 2004) (Seppänen and Fisk, 2004)
(Wargocki, 2013).
Some research indicates that the emphasis on energy efficiency in buildings results in a
reduction of ventilation rates in correlation with higher levels of airtightness. As
explained by Yu and Kim (2012, p.6), the highly air-tight buildings with low ventilation,
particularly in a warm interior environment, could encourage development of moisture
risk, which would lead to proliferation of moulds. This is furthermore supported by
(Verbruggen et al., 2019), who explains that the combination of airtight homes and the
lack of window opening are likely to result in significantly low air change rates in
practice, thus elevating levels of indoor air contaminants.
This view is supported by a study of ventilation rates in European homes which found
poor ventilation in practice (below 0.5 ach) (Dimitroulopoulou, 2012). It has therefore
been suggested that ventilation rates above 0.5 ach should help to reduce exacerbation of
allergies (Sundell, 2004) identified an association between measured air change rates less
than 0.5 ach and an increased risk of negative health. (Wargocki, 2013) however, suggests
that an air change rate of at least 0.4 is the minimum level to protect against health risks,
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based on a review of the scientific literature. Conversely, (Dimitroulopoulou, 2012)

indicates that the widely used recommended minimum ventilation rate of 0.5 ach is not
based on health criteria.
Poor ventilation rates in contemporary airtight dwellings have been established in several
recent studies. For example, (Sharpe and Morgan, 2014) have demonstrated high levels
of CO2 and low measured ventilation rates in bedrooms of naturally ventilated new-build
dwellings in Scotland. Their results suggest that the current practice of installing and
operating trickle ventilators in airtight dwellings is ineffective in meeting recommended
minimum ventilation rates. Bedrooms are of interest due to the length of time spent in
these spaces. As identified in a study by (McGill et al., 2015) exposure risks to high levels
of CO2 (which is indicative of poor ventilation) may be up to 6 times higher in bedrooms
compared to the living spaces.
It is suggested that energy efficient building practices and standards have resulted in a
reliance on appropriate occupant engagement to ensure adequate ventilation (Verbruggen
et al., 2019). However as stated by (Fang et al., 2002), poor building operation such as
reducing ventilation for energy conservation is common and may result in significant
deterioration of the indoor environment. These studies serve to illustrate that, when
aligned to improvements in building airtightness levels; ventilation rates in dwellings are
declining to levels that are likely to have a detrimental impact on occupant health and
wellbeing. Finally, it must be underlined, these studies refer to the reduction of ventilation
rates due to increased airtightness for energy efficiency however the ventilation strategy
employed in much of the research is natural or uncontrolled ventilation. This ventilation
strategy is counterintuitive with the principle of airtightness yet much of the literature
fails to clearly articulate this.

3.6 Classification of IAQ
The provenance of this can be dated back to 1858, where a maximum level of 1,000ppm
CO2 was recommended by Pettenkofer as a limit value for adequately ventilated spaces.
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The relevance of this remains today (Passive House Institute, 2013).
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Table 3: Classifications of Indoor Air According to EN13779

(Passive House

Institute, 2013)

EN 13779 describes four levels of indoor air quality (see Table 3), depending on the
difference between indoor and outdoor levels of CO2. The outdoor levels vary from
350ppm (parts per million) in rural areas to 450ppm in very urban areas – 400ppm on
average.
The use of this guideline is supported in the findings of a review of literature investigating
the associations between ventilation rates, CO2 levels and health outcomes where it
concluded that “almost all studies found that ventilation rate below 10 l/s per person in
all building types were associated with statistically significant worsening in one or more
health or perceived air quality outcomes (Seppänen and Fisk, 2004).
Apprehensions have been expressed regarding overheating in Passive house dwellings,
with significant discrepancies observed between measured and predicted indoor
temperatures using Passive House Planning Package software (Sharpe and Morgan,
2014). Despite this, prominent features of sustainable building designs make
consideration of IAQ particularly important. Increased airtightness, the reduction of
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ventilation rates, dependence on mechanical ventilation systems in addition to the use of

new construction techniques and materials all pose a significant threat to the quality of
indoor air. The latter point has been overlooked by (McGill, 2016), who concluded that
“the passive house standard ignores fundamental strategies for the protection of human
health and wellbeing such as radon prevention, pre-occupancy flush, moisture control,
garage pollutant protection, combustion venting and indoor contaminant control.”

It is clear from the detailed review of literature that the passive house standard explicitly
sets out to ensure the best possible indoor environment for occupants, by ventilating the
whole building properly, to remove excess moisture and any other indoor pollutants. The
ventilation of a certified passive house must be capable of complying with DIN1946 (see
Table 4) and is therefore designed to be capable of supplying at 30m3/ per person per
hour.

Table 4: Dimensioning of Supply Air according to DIN 1946 Passive House
Methodology (Passive House Institute, 2013)

(Siddall, 2015) outlines that in relation to the greater ventilation efficiency of balanced
ventilation, it is interesting to note that in practice for residential passive house buildings
an air supply of 23 m3/h per person has been found to deliver adequate indoor relative
humidity and indoor air quality.
An outcome of the European research project examining health-based recommendations
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for per person ventilation rates concluded that 8 L/s and person was recommended as the
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optimum in residential environments (Hänninen, Asikainen, Allard, et al., 2012). This
recommendation equates to 29 m3/h which is less than the passive house specification
30m3/h. This is the reason the Passive House Planning Package (PHPP) assumes the
reduction of the ventilation rate to 77% of the requirements of DIN 1946 for standard
occupancy.

Figure 7: Air Exchange Rates Calculation methodology example for Certified
Passive House (Passive House Institute, 2013)

The certified passive house standard also has a minimum requirement of 0.3 ach which is
rarely if ever implemented as the actual ventilation rate in practice will be higher. The
room by room ventilation rates will differ as the figure illustrates above. This is reinforced
by (Wargocki, 2013) who suggests that ventilation methodology should be based on
occupancy rather than buildings. This casts doubt on the metric of air changes being used
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as the primary metric for ventilation rates as opposed to 30 m3/h per person.

3.7 Uncontrolled v Controlled Ventilation Systems.
Ventilation and IAQ are an issue of significant debate for this last decade; as the literature
reflects, there are many who have concerns about the design, specification, installation,
commissioning and operation of balanced mechanical ventilation heat recovery systems,
however the same investigation needs to be afforded to other modes of ventilation such
as natural ventilation strategies (De Selincourt, 2014).
The traditional and still the most common ventilation strategy implemented in Ireland and
the UK is natural ventilation this is also be referred to as uncontrolled ventilation. The
other common ventilation strategies employed are all under the auspices of controlled
ventilation. They include the following.

3.7.1 Positive Input Ventilation (PIV)
Positive Input Ventilation or (PIV) is a product which is mostly installed in existing
homes. The system will supply fresh, filtered air to specific rooms from the PIV unit
normally located in the attic, with ducting and ceiling mounted valves. The main console
pulls air from the attic space or outside, filters it, and supplies it into the dwelling, thus
applying a positive pressure on the building envelope driving stale air out through the
thermal envelope.

3.7.2 Balanced Mechanical Heat Recovery Ventilation
Balanced mechanical ventilation with heat recovery (MVHR), this system consists of two
fans which run independently conducting supply and extract airflows simultaneously. The
extract duct and fan will extract stale, humid air from the wet rooms (bathrooms, kitchen,
utility, etc). This stale air is extracted through a heat exchanger where heat is ‘recovered’
before it is discharged outside the house. The second fan draws fresh air from outside,
which is then filtered with an F7 grade filter to remove any pollutants, airborne allergens,
and this air then passes over the heat exchanger in order to heat the air, and thus supply
pre-heated filtered (G4) fresh air to all the living areas and bedrooms.

3.7.3 Demand Controlled Ventilation
Demand controlled ventilation or (DCV) is a modulating extract system which utilises
smart sensors, controllers, and ventilation fans. These sensors continuously measure and
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monitor indoor air quality and provide real time feedback to the controller. The controller
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sends the sensor information to the fans, adjusting the rate of ventilation according to the
environment in each room. These extract fans are placed in attic spaces or utility rooms
and are connected via ducting to extract valves in wet rooms (kitchen, bathroom, utility).
Air comes into the house through humidity sensitive wall inlets in the dry rooms
(bedrooms, living rooms). The system constantly varies its operation to match the
behaviour of the house.

3.7.4 Mechanical Extract Ventilation (MEV)
Mechanical Extract Ventilation or (MEV) is almost the opposite of PIV. It is a centrally
situated fan that extracts stale or moist air from rooms of high humidity such as the
bathroom or kitchen. This creates a negative pressure, which theoretically draws fresh air
evenly into the property through the envelope of the building.

3.8 Pressure Differentials
The systems outlined in the previous section are provided to contextualise the various
ventilation strategies however, they are also of direct relevance with respect to pressure
differentials. The potential for pressures differentials to affect indoor radon
concentrations markedly increases when air tightness ACH50, i.e. the air change per hour
induced by a pressure difference of 50 Pa, is <1.0 Ac/h. Minor leakages in the foundation
can affect the radon concentration, even in the case where such leaks do not markedly
reduce the total air tightness. Typical pressure differences created by the indoor–outdoor
temperature difference range from 0 to 3 Pa (pascal). Those created by mechanical
ventilation are typically 2–10 Pa, but it is possible to create much higher pressures
(Arvela, Holmgren and Reisbacka, 2012).
As outlined different mechanical systems will induce either positive or negative pressure
differentials see Figure 8, with respect to radon, negative pressure will potentially
promote the ingress of leakage air ﬂows into the building. On the other hand, positive
pressure exerted will help guard against infiltration of radon. The downside is however
that any moist interior air is typically forced out through cracks and gaps in the building
envelope, where it may contribute to moisture build-up within the building envelope
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manifesting interstitial condensation.

Figure 8: Pressure differentials with corresponding ventilation systems

A balanced MVHR offers flexibility in this respect, as outlined these systems have two
fans so the speeds of these fans can be adjusted thus can be balanced however in practise,
they will have a slight pressure differential either positive or negative. The certified
passive house standard mandates during the commissioning of these systems the
imbalance must be less than 10%. Best practice on well-designed and installed systems
(passive house) are commissioned, have an imbalance of <3% which is almost neutral in
terms of the pressure differential. Consequently, these practices are significant as they
affect the pressure differentials and potential influence on indoor radon concentrations. A
requirement for certification is evidence of final commissioning including balancing of
the fans to within 10%.
Figure 9 below is a conceptual risk matrix which was constructed based of the review of
literature in order to illustrate the differences in typical controlled ventilation systems in
the Irish and UK marketplace and the corresponding influence of pressure differentials
that pertains to radon and moisture risk. This also includes filtration this is also important
as radon progeny are tiny solid particles that, if in the air when radon decays, can attach
to dust and other particles and move with the air. Radon progeny that are attached to dust
can be removed by air filters. The risk levels depicted in Figure 9 are indicative based on
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the corresponding pressure differential and the filtration level.
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Figure 9: Ventilation System risk matrix based on pressure differentials
Ventilation

Heat
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System

Pressure
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Risk
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Low
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Low

Intermittent
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Negative -

Yes
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Medium

Low

Extract

Negative -

No

No

High

Low

3.9 Cross Flow Principle
The crossflow principle is another attribute relative to radon distribution within certified
passive house ventilation systems. Certified passive house buildings use the zoning
principle to maximize the air change in every single room, while minimizing the total air
change rate. The supply air is provided to, the most used rooms (living room, bedroom,
children rooms etc.). The air is transferred through the corridors and extracted from
service rooms that have increased levels of odours, humidity (kitchens, toilets, bathrooms,
storage and technical rooms). To ensure air flow from one room to another transfer
openings are used in the doors or walls see Figure 10). The impact of this is that this
specific attribute creates no resistance to air flows within the property and this includes
upstairs downstairs and the corridors and landings are the designated transferred air zones
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within this methodology.

Figure 10: Cross flow principle of the passive house methodology

This crossflow principle has clear implications for radon distribution considering that
pathways are clear and open for radon to migrate from room to room or from floor to
floor. These pathways are illustrated in Figure 10 and Figure 11 which show the primary
route with the door details with a typical floor plan.

Figure 11: Cross Flow Principle depicted with active overflow door detail

This is a feature of certified passive house buildings and is not common to standard
housing. This topic of airflow distribution and behaviour has been discussed in previous
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research (Rosemeier, 2014) and (Feustel, 1999), the later produced the diagram shown in
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Figure 12 which shows the number of influences on air flow distribution for both natural
and mechanical or (uncontrolled and controlled) ventilations strategies.

Figure 12: Influences on airflow distribution (Feustel, 1999)

Airflows through rooms in buildings originate from pressure differences created by
buoyancy, stack effects and wind speed, in uncontrolled ventilation and then in controlled
ventilation strategies the pressure is imposed by mechanical devices, like fans and the
corresponding speed. Airflow pathways in buildings are the result of the interactions of
these forces. These are articulated in detail by (Rosemeier, 2014) the first flow is
described as a piston or displacement flow which can in practice be difficult to achieve
in its entirety, and even attempts to come close to the ideal require great effort.

70

Word Template by Friedman & Morgan 2014

Displacement flow is more effective than complete mixing in the provision of unpolluted

air. In office applications of displacement ventilation, a diagonal rather than a horizontal
flow is often designed using air temperatures of 2-3K below room temperature with
diffusers as an enlarged supply terminal at ground level, and people and machinery as
thermal drivers for the uplift of air.
Cascade-flow ventilation which is employed by the passive house standard (Figure 13) is
a hybrid of the above ideal forms. As outlined already airflow within the house is directed
from supply rooms (like bedrooms, living rooms) through transit rooms (like corridors,
halls) to extract rooms (like toilet, bathroom and kitchen). In its entirety, the system thus
has piston flow characteristics, but within the zone, complete mixing is attempted. Rooms
are usually either equipped with supply or extract terminals (depending on their zoning).
Coanda effects are desired to reduce required duct lengths for air supply. The Coanda
Effect occurs when airflow is closely projected to a parallel surface, such as a ceiling or
the walls of a duct system which allows airflow to cling to the ceiling or duct wall it is
flowing with. As the airflow moves along the surface, its movement is extended along
that surface and projected farther into a room. Thus, effective use of this can reduce the
amount of ducting required and increasing the cost effectiveness of a project.

Figure 13: Diagram of cascade flow (Rosemeier, 2014)

3.10 Floor Plan Configuration
Another influence which was found in the review of literature was the influence of floor
plan con figuration and once following the methodology and supply and extract for the
corresponding room type, it becomes clear that the design could also have an influence
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on the air distribution and for this research radon distribution. The research project called
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“Doppelnutzen” or double benefit by (Rojas, Pfluger and Feist, 2015) examines the
further development of this principle called “cascade ventilation” or cross flow principle
previously outlined.
This study investigates the influence the floor plan room arrangement has on the user’s
comfort in the living room by cascade ventilation or cross flow ventilation. The objective
of the study was to illustrate which configurations are best adapted for cascade ventilation
or the crossflow principle and which parameters produced significant influence on the
results. The best configurations are depicted in Figure 14.

Figure 14: Floor plan influence on the cross flow principle (Rojas, Pfluger and Feist,
2015)

3.11 Uncontrolled Ventilation Performance
Uncontrolled or natural ventilation is the most common method of ventilation of homes
in the Ireland and the UK. Natural ventilation uses the principle of wind and thermal
buoyancy to create air movement in and out of your home through permanent wall and
trickle vents without the use of mechanical systems, with the goal of bringing fresh air
into your home. The benefits typically ascribed to natural ventilation are that the
homeowner has an element of control in the form of window opening which of course is
also a feature in low carbon standard alike including the certified passive house standard.
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The articulation of selective and exclusive design strategies is well depicted by (McGill,

2016). Natural ventilation is aligned to the selective design strategy. The occupant has
contact with the outdoor environment, this approach is self-regulating, and the building
is allowed breathe. The principle works with pressure differences which are driven by the
wind, temperature to move air around a building, the concern is that there is a reliance on
the weather, illustrated simply by the correlation between a windy day and high
ventilation and milder days the ventilation rates are much lower. A study by (Lowe,
2000) carried out simulations based on realistic weather conditions which demonstrated
many of the issues with natural ventilation. The simulations focused on wind speed and
direction coupled with the buoyancy effect.
The research proposed that the under-ventilation index meaning the proportion of the
heating season for which a naturally ventured home will be under ventilated without
additional window opening. The deduction of the research was that under ventilation was
almost assured with leakage rates below 8 ACH per hour at 50 Pascals of pressure (Lowe,
2000). Notwithstanding the inconsistent good ventilation this research showed that these
dwellings would suffer significant heat loss with windy and cold weather with the issue
of over ventilation.
There are surprisingly few studies with quantitive data from post occupancy monitoring
accounting for the actual performance of natural ventilation. A research project in 2009
conducted monitoring study of 22 homes built with different construction types was
funded by the UK government to investigate if Part F of the 2006 building regulations
was delivering enough ventilation and acceptable IAQ in homes, to examine if it should
be revised for the next iteration (McKay et al., 2010). During the field study in order to
assess if the regulations provided enough ventilation, the participants were requested to
insure trickle vents were open and that extract fans were used on maximum settings
during cooking and showering while keeping the window closed (McKay et al., 2010).
Air change rates were estimated using the gas diffusion technique, the results found 50%
of the 22 homes did not achieve the minimum recommended background ventilation rate
as set out by Part F. These results cannot however be attributed on inadequate regulations
it was also found few of the dwellings had the recommended ventilation installed. The
issue of building regulation enforcement has been observed is studies by (Howieson,
2014). This again presents an augmentation of the quality issues previously outlined and
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the resulting performance gap.
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Correspondingly, in a study of 37 homes in England built since 1995 (Crump et al., 2005),
whole house ventilation rates were found to be less than the recommended minimum (0.5
ach) in 68% of homes during winter and 30% of homes during summer. In a sample of
post 2006 dwellings, mean air exchange rates (measured using the perfluorocarbon
technique (PFT) of 0.28 for flats and 0.51 for houses were found (Department of
Communities and Local Government 2010b). In a more recent Case Study evaluation of
six mechanically ventilated low energy dwellings, (Gupta and Kapsali, 2016) high CO2
concentrations were found, which correlate to inadequate fresh air supply from MVHR
systems.
Occupant impact is a significant influence on the air exchange rate and in turn the
resulting indoor air quality. These studies all demonstrate that occupants have a lack of
awareness about vent usage, high proportions of the home studies had vents closed both
room and trickle vent and many do not have the required gap under doors. The fact that
occupants cannot automatically detect poor IAQ makes it inevitable that occupantcontrolled ventilation performance will inconsistent.
A pertinent point made by Sterling Howison is that the regulations, industry and academia
all make the tacit assumption that users will activity manage ventilation for good IAQ,
meaning that this laissez faire approach is having a negative effect on health (Howieson,
2014).

3.12 Controlled Ventilation Performance
This literature review has already examined the performance evidence of natural
ventilation. This has cast doubt on the assumption that the Ireland and British standard
wall ventilation and trickle vents coupled with kitchen and bathroom extract result in the
designed IAQ.
In contrast is to natural ventilation there was much more literature available on
mechanical ventilation performance. MVHR offers the theory that better ventilation will
result because of the consistent supply of fresh filtered air, independent of the vagaries of
temperature differentials, wind influence that effect natural ventilation.
This section of the chapter will assess the available literature on the performance of
mechanical heat recovery ventilation. A study of certified passive house buildings by
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(Siddall, 2015) suggests the overall health of occupants improved with an improvement

in respiratory issues when balanced mechanical ventilation with heat recovery is installed
in their homes.
Another post occupancy study evaluated a passive house development and found the
occupants were satisfied with their indoor air quality. The Co2 levels were generally found
to be below or around 1000ppm which corresponds with the Pettenkofer hypothesis and
in agreement with recent revised CO2 thresholds outlined by (Miller, 2020) and (Feist,
2020) post pandemic.
Industry research also commissioned a meta study into the performance of mechanical
ventilation with heat recovery in new build. The authors (Sharpe, Gregg and Mawditt,
2016) and (Gupta and Kapsali, 2016) found across sixteen sets of IAQ measurements that
average Co2 levels at night in bedrooms presented under 1000ppm in most homes. The
elevated concentrations only presented crossed 1500 threshold, in small number of
dwellings.
A previous study examined two multi storey blocks with twelve apartments all with
installed mechanical ventilation with heat recovery. The study presented Co2
concentrations and relative humidity levels within the acceptable thresholds. Similar
findings have been reported by the (Zero Carbon Hub, 2014a) MVHR task group final
report and by (McGill, Oyedele and Keeffe, 2015). Another study by (Sharpe et al., 2015)
also found average winter CO2 to be 858 ppm for a MVHR sample, compared with 1292
ppm for the naturally ventilated sample. It is very difficult, to make straight comparisons
between natural and mechanical ventilations strategies, because none of the studies have
the same variables.

3.13 Passive House Ventilation Quality
Balanced ventilation (MVHR) provides fresh air in a more consistent and reliable fashion
over natural ventilation in theory. In the UK, several post occupancy evaluations of new
build airtight dwellings have revealed concerns relating to the performance of mechanical
ventilation with heat recovery in practice. MVHR systems exhibit filters not being able
to be accessed, units being bolted to bedroom ceilings, insulation missing, duct networks
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poorly considered, however most MVHR problems are due to the location of the unit
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itself and then in turn access issues which then pose a challenge for filter maintenance
(Morgan et al., 2015).
The two main issues for MVHR underperformance can be summarised by a) technical
company failure at the design stage, installation stage or finally at commissioning stage
all resulting in incorrect air flow rates. The second issue pertains to the residents turning
off the ventilation system. Poor occupant awareness has been recognised by (Murphy and
Tuohy, 2013).
Noise is also a key issue on the occupant side, with owner tuning down or off the unit
because of the noise. In an article in 2014 (Harvie-Clark and Siddall, 2014) reported that
an analysis of 500 dwellings in the Holland, which had mechanical ventilation with heat
recovery presented with units switched off because of noise. Systems were generally
operated at the level at which noise was tolerable, despite the ventilation rate potentially
being inadequate at those settings. This was consolidated further by (Zero Carbon Hub,
2014a) who conducted a study examining 20 apartment units fitted with mechanical
ventilation with heat recovery, and they discovered only 10 were turned on “Sound is a
significant issue,” the report concluded.
In a study by (McGill, Oyedele and Keeffe, 2015) investigating industry insights of
mechanical ventilation with heat recovery in social housing, the industry professionals
used terminology like “people turning the damn things off” they “fiddle” or “tamper”
with the systems, or “screw them up”, coupled with expressions about residents “needing
a certain level of awareness”, or “I think it is education...them getting used to it”.
However, it also plausible that poorly sized and installed mechanical ventilation with heat
recovery units, are in turn loud and are causing discomfort, are potentially to be interfered
with by residents (Sharpe et al., 2015). The generalisability of much published research
on this issue of MVHR is problematic. There is a conflict and inconsistency found in the
literature reviewed, some studies have produced data which validates good performance
in mechanical ventilation systems while others report issues (Sharpe, Gregg and Mawditt,
2016).
Recent finding of another meta study which crucially featured design and installation
information on the MVHR systems employed. This sample also has a mix of both certified
passive house and non-certified passive house in the sample, this has synergies to this
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research infect.

One area which was found to have largely positive results is studies which focus on the
certified passive house standard. A recent study examining 20 certified passive house
buildings had a system with air flow rates that met part F of the building regulations, but
only around 50% of non-passive house dwellings achieved part F of the building
regulations further to that one third of the non-passive house systems were not balanced.
Also, in this study it was reported that 19 out of the 20 passive houses had a measured
flow rate that corresponded with the design flow rate, in direct comparison also in the
same study 21 out of 34 non passive house units were found to not comply with the design
(Sharpe, Gregg and Mawditt, 2016).

Figure 15: Performance comparison between PH and non-PH Projects (Sharpe,
Gregg and Mawditt, 2016)

The most effective design and installations in certified passive house are reflected in the
resident satisfaction. In this modest study (see Figure 15) six out of the seven certified
passive house residents report satisfaction with the comfort in the home, and the five out
of the seven report satisfaction with noise levels, however in contrast six out of eight of
the non-passive house occupants had a complaint relative to noise or IAQ.
It is evident therefore that failures at the design and commissioning stages have resulted
in significant problems with the performance and operation of MVHR systems in
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practice.
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Figure 16: Differential comparison between basic MVHR and PH MVHR

Respected industry expert Ian Mawditt (McGill, Sharpe, Robertson, et al., 2017) recently
wrote in an article; that he believes there is something to be drawn from the relative
success of passive house ventilation systems. “From what I have seen so far, it’s clear
that the passive house installations work better than non-passive house ones.” “This
seems to be a function of the way quality is embedded in the whole build process with
passive house; everyone is tied in to delivering quality, almost micromanaged.” “If we
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did wet systems the way ventilation generally gets installed, there would be water all over

the floor, it wouldn’t be tolerated, obviously. Yet because its air, people just don’t get it
— the installers, the commissioners, the users, they don’t care or just don’t notice.”
Tim Sharpe (Sharpe, Gregg and Mawditt, 2016) of the Mackintosh School of
Architecture, feels that a big problem with non-passive house MVHR is sometimes that
nobody in the design team quite knows why it is there “Too often the presence of MVHR
is nothing to do with a desire for good air quality, but is purely driven by the numbers in
SAP.” “The architect doesn’t think about it at all, until the SAP assessor recommends
MVHR, so the architect just writes ‘MVHR’ on the drawings”. “That’s not a ventilation
strategy, that’s a compliance strategy.” “People are perceiving MVHR as an energy
measure, like insulation, and forgetting it's actually there to supply fresh air.”

3.14 Chapter Summary
The early sections of this chapter outline the rigor by which certification is gained with
the passive house standard. The building control measures implemented in the UK are
good and robust as independent inspection is a fundamental element of the process, during
the review of literature on this aspect there was little mention about crux issues such as
mechanical ventilation and airtightness. In the Republic of Ireland the approach to
building control is in sharp contrast to the UK, as outlined the ‘opting in’ or ‘opting out’
is the key difference and this seems to be a clear weakness as there is far less onsite
inspections and in particular by people independent to the project.

Controlled ventilation or mechanical ventilation coupled with airtightness is still difficult
for the construction industry to digest however the term “build tight ventilate right” was
put forward by Perera 23 years ago (Perera, Henderson and Webb, 1997) and is regularly
quoted within the industry yet the application is not prevalent.
The findings from this review highlight the fundamental importance of the consideration
of IAQ in airtight, energy efficient dwellings, and the inherent risks relating to the design,
installation, performance, maintenance, and operation of MVHR systems in practice.
Furthermore, it also characterises the Passive House methodology with respect to

Word Template by Friedman & Morgan 2014

airtightness and ventilation which constitute two of the five principles. The evidence
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exhibited here consolidate that this methodology yields better results in practice in
determining the quality of indoor air in buildings.
In addition, there are many references to the level of airtightness influencing radon but
inconsistent clarifications about the ventilation strategy in some research. For example,
mechanical ventilation is a term that covers several ventilation systems which have been
outlined in the chapter, balanced MVHR is one of these mechanical systems which could
be employed.
A feature in this review is the prevalence of common misunderstandings about the
ventilation rate, whole house ventilation rates versus ventilating for people. In passive
house standard methodology 0.3 ach is only a backstop, this is commonly misrepresented
in many academic studies as the absolute rate and thus refer to this as a low ventilations
rates, it is also clear that room ventilation or delivery rate based of occupancy is
misunderstood. Much of the academic research read addresses the concerns about referred
low carbon homes potentially endangering the health of their occupants, because of
reductions of air exchange and indoor air quality however term low carbon home is rarely
defined.
The next chapter will introduce and present a review of literature on radon and
furthermore will proceed to cover the existing body of knowledge which examines radon
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levels in low energy construction including some passive house buildings.

4 RADON AND ENERGY EFFICIENCY

4.1 Chapter Introduction
The Indoor Air Quality (IAQ) parameter in focus in this study is radon and specifically
indoor air radon concentrations. The International Agency for Research on Cancer
(IARC) reviewed radon exposure and found that there was enough evidence for
classification of the “carcinogenicity of radon” and its decay products in humans
(International Agency for Research on Cancer, 2002). The World Health Organization
(WHO) has since classified radon as a known human carcinogen, based on the wealth of
biological and epidemiological evidence connecting radon exposure and lung cancer
(WHO, 2009b).

4.2 Radon
Radon is a naturally occurring radioactive gas that results from the decay of uranium in
rocks and soils. Radon is a decay product of radium which in turn is a decay product of
uranium. There are traces of both radium and uranium present in the soil and rocks of the
earth’s crust, in varying amounts depending on the geology, and therefore provide a
continuous radon source. Radon is the major source of ionising radiation exposure to both
the Irish and UK population. The radon gas (222Rn) once released into the air decays to
form tiny radioactive particles, some of which stay suspended in the air and can be
measured. The tiny radioactive alpha particles are known as radon progeny or daughters
and have a half-life that is approximately 3.8 days. The progeny, as solids with an
electrostatic charge, adhere to very small dust particles. These small dust particles can
then carry the progeny into the lung if inhaled where they attach to the lung epithelium.
Radon concentrations in air are commonly measured in Becquerels per cubic metre
(Bq/m3). However, in America; Picocurie per litre (pCi/l) is used instead, with 1 pCi/l
equalling 37 Bq/m³ (WHO, 2016).
Normally, when radon surfaces into the open air, it is quickly diluted to harmless
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concentrations. However, when radon enters an enclosed space such as a house through
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cracks in ﬂoors or gaps around pipes and cables, it can build up to a dangerously high
concentration. As outlined in a previous chapter (Holgate, 2000) found that the average
person in the UK spends just 8% of their time outside. Therefore, it is imperative that we
strengthen our understanding of the relationships between indoor air quality and health,
particularly the aggregated effects of exposure to pollutants.
Inhaled radon particles give a radiation dose that may damage cells in the lung (WHO,
2009b). The estimated mean outdoor radon concentration is 6 Bq/m3 in Ireland Fennell et
al., 2002, which was consistent with measurements conducted in other European
countries. This was later confirmed by (Gunning, Pollard and Finch, 2014), who reported
ambient radon concentrations of 5.6±0.7 Bq/m3 after carrying out direct measurements.
Indoor radon concentrations can be signiﬁcantly higher and vary widely depending on
diﬀerent parameters such as the underlying geology, atmospheric conditions, or the
building characteristics. The United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR, 2006) state; the average indoor radon level globally to be
40 Bq/m3. This research has the unique distinction of having three different jurisdictions
Republic of Ireland, North Ireland and England within the study. In the Republic of
Ireland the national average for homes is 77 Bq/m3 (Dowdall et al., 2017). In the UK
Public Health England determined the populated weighted average radon concentration
in homes is 20 Bq/m3, individually the corresponding arithmetic average in both Northern
Ireland is 70 Bq/m3 (Hodgson et al., 2013) and in England the average 105 Bq/m3 (Public
Health England, 2016).

In the Organisation for Economic Co-operation and Development (OECD) survey of 29
countries, Ireland was found to have the eighth-highest average indoor radon
concentration (WHO, 2009b) In addition to this some of the highest reported
concentrations in the EU recorded have been in Ireland, a concentration of 49,000 Bq/m3
was measured in a dwelling in Castleisland (Ireland) and it is among the highest recorded
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in the world (Burke et al., 2010).

4.3 Health Effects of Indoor Air Pollutants
Indoor air pollution has been classified by the US Environmental Protection Agency
(EPA) as one of the top five environmental risks to human health. Radon is the largest
source of exposure to ionising radiation for the general public and the second greatest
cause of lung cancer only after tobacco smoking, according to the World Health
Organization (WHO, 2016). Other researchers (Fornalski et al., 2015) and (Scott, 2019),
however, hold a conflicting view. They argue that this probabilistic approach
demonstrates that cohort and case-control epidemiological studies cannot reveal the true
shape of the dose response relationship for radon induced lung cancer. They conclude that
there is no significant risk among low radon concentrations advocating the “as low as
reasonably achievable” (ALARA) principle.
In 2009, the World Health Organization (WHO, 2009) reported a relationship between
radon exposure and lung cancer, indicating that the risk of lung cancer increases
proportionally with increased radon exposure; there is no recognised threshold below
which radon exposure presents no risk (WHO, 2009). Most people are exposed to
concentrations ranging from low to moderate rather than high; therefore, most lung
cancers are related to low rather than high radon exposure.
In the European Union alone, radon in homes is responsible for around 20,000 lung cancer
deaths each year (Darby et al., 2005) and in Ireland, it is estimated that radon exposure
accounts for approximately 14% of all lung cancers that equates to 300 cases per year
approximately (NRCS, 2019). In the UK around 1100 deaths from lung cancer (3.3% of
all deaths from lung cancer) are related to radon in the home each year. Over 85% of these
arise from radon concentrations below 100 Bq/m3 and most are caused jointly by radon
and active smoking (Health Protection Agency, 2009).
In Northern Ireland radon is estimated to cause 30 deaths per year and is the second largest
identiﬁed cause of lung cancer after smoking. Public Health England (PHE) (Hodgson et
al., 2013) estimates that some 155,000 homes (1 in 5 in Northern Ireland) are in radon
aﬀected areas.
To regulate indoor radon exposure, a reference level was deﬁned. This level represents
the annual mean radon concentration in a home above which it is strongly recommended
to reduce the occupants’ exposure, but it does not deﬁne a rigid boundary between safety
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and danger (WHO, 2009b) see Table 5.
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Table 5: Radon Reference levels by Country and Organisation (WHO, 2009b)

International organizations recommend diﬀerent indoor radon concentration thresholds,
the International Commission on Radiological Protection (ICRP) recommends a
reference level for radon gas in dwellings of 300 Bq/m3 and WHO proposes a reference
level of 100 Bq/m3, but also speciﬁes that if this level cannot be reached in some
countries, the chosen reference level should not exceed 300 Bq/m3 (ICRP, 2009) (WHO,
2016).
The 2013/59/EURATOM Basic Safety Standards (BSS) Directive, mandatory since
February 2018, advises that national reference levels of all European Union Member
States for indoor radon concentrations shall not exceed 300 Bq/m3 (Council of the
European Union, 2013).
The government in Ireland, following the advice of the RPII (Radiological Protection
Institute of Ireland) adopted an annual average radon gas concentration of 200 Bq/m3 as
the national Reference Level above which remedial action to reduce indoor radon
concentration should be considered in dwellings (Long and Fenton, 2011).
The UK government recommended Action Level (AL) for radon in homes in the UK as
200 Bq/m3. Above this level, it is recommended that householders take action to reduce
their radon levels. In addition to this they also has a Target Level (TL) of 100 Bq/m3
which is the ideal outcome for remediation works in existing buildings and protective
measures in new buildings (Health Protection Agency, 2009).
(Darby et al., 2005) examined radon levels from 13 European case–control studies and
the associated risk of lung cancer. The study concluded that, for every 100 Bq/m3 increase
in measured radon, there was an 8.4% [95% confidence interval (CI) 3.0–15.8%] increase
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in the risk of lung cancer.

(Field and Withers, 2012) reviewed the results from 22 major case–control residential
radon studies and found that, in 19 studies, increased risk estimates were reported for
radon levels of 100 Bq/m3 (which is below the action level). In addition, the study pooled
the raw data from European studies and found that for every 100 Bq/m3 increase the odds
ratio increased by 1.16 (95% CI 1.05–1.31).

4.4 Radon Entry into Buildings
The main source of indoor radon is the soil and geology under the building, but also, it is
generally recognised, that there is a contribution from building materials. There is scant
data available to quantify the structural contribution of indoor radon concentrations. A
metric of 20 Bq/m3 was suggested in a study in 2005 as the contribution from building
materials based on typical Belgian homes (Paridaens, De Saint-Georges and Vanmarcke,
2005). Porstendorfer reported construction materials to be the dominant sources of radon
in German dwellings with indoor radon concentrations up to about 50 Bq/m3
(Porstendörfer, 2002). This significance of radon in materials is also reinforced regionally
by (Woolley, 2016). This is an important consideration in this study, it must be noted that
the indoor radon concentrations are made up from contributions from exhalation from the
soil and from building materials. However in most circumstances, the exhalation from
materials is marginal compared with convective radon from the ground into the building,
which is recognised as the most significant source of indoor radon (WHO, 2009b).
Initially, radon diﬀusion through soil and building materials was the accepted origin of
radon entry into buildings. However, indoor radon concentrations found in many houses
were much higher than the prediction based on the diﬀusion theory (Minkin, 2002), which
established that advection was more significant than diffusion through soil pores
contributes to radon entry into buildings. In other words, a negative pressure differential
across the substructure of the dwelling can increase the convective flow of radon into the
dwelling (Keskikuru et al., 2001).
It is now accepted that the dominant mechanism of radon entry from the soil into the
indoor air of a building is pressure-driven airﬂow (i.e., advection) (Abdelouhab,
Collignan and Allard, 2010) (Fuente et al., 2019) As air pressure indoors is generally
lower than that in the ground, soil gas is drawn from the ground into the building. Pressure
gradients are created either by thermal diﬀerence, due to diﬀerent indoor-outdoor
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temperature, wind eﬀects, household activities or mechanical ventilation systems see
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Figure 17 all influence the soil gas ﬂow into dwellings through joints, gaps and other
leakage routes existing in the foundation structures (Abdelouhab, Collignan and Allard,
2010). In the context of this PhD research this is an important factor to understand.

Figure 17: Radon Gas entry routes in a typical home dwelling (Abdelouhab,
Collignan and Allard, 2010)

Indoor radon concentration is influenced by diﬀerent parameters such as the ground
potential, which is the ability of the soil to produce and transport radon and it is
determined by the amount of radium in the soil, the emanation coeﬃcient, soil
permeability, porosity and moisture content among others. The characteristics of the
building, including airtightness of the foundation, and the ventilation or air exchange rate,
related to the occupancy behaviour and atmospheric conditions, also inﬂuence indoor
radon concentration (RADPAR, 2012). In the previous chapter these influences where
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outlined. Traditionally, radon does not pose such a threat in the upper stories or in multi

storey buildings, as it comes from the ground and is a heavier gas than air, tends to
accumulate in the lower levels. A feature of this research will involve an exploration of
radon distribution in a sample of certified passive house.

A study by (Font Guiteras, 2008) formulated the model called RAGENA which stands
for; Radon Generation Entry and Accumulation Indoors it depicts the complex nature of
the ingress and the behaviour of indoor radon concentrations and the direct influences.
The complete diagram of the RAGENA model is given in Figure 18Error! Reference
source not found..

Figure 18: RAGENA dynamic model of radon generation, entry and accumulation
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indoors (Font Guiteras, 2008)
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4.5 Radon Emissions from Building Materials.
Currently few members of the public or indeed professionals are aware that radon is also
emitted by construction materials which are commonly used in buildings (Woolley,
2016). The European Union have recently issued a directive (Council of the European
Union, 2013) to establish standards for measuring emissions from building materials.
While in general terms the radiation from building materials is not high, there is evidence
of significant gamma radiation from some materials in some circumstances and even
where levels are low, they can still contribute to background radiation (Sahoo et al.,
2011). This EU directive 2013/59/Euratom now requires all member states to put plans
into action so that required radon emissions standards are now achieved by February
2018. The directive includes annex (8) “definition and use of the activity concentration
index for the gamma radiation by building materials” and Annex (13) “indicative list of
types of gamma radiation building materials considered regarding their emitted gamma
radiation”. The directive has introduced a reference level for indoor external exposure to
gamma radiation emitted from building materials of 1 mSv per year or (110 Bq/m3 per
year) (European Commission, 2014).
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Figure 19: Typical radon concentrations in common building materials (EC, 1999).

Materials that emit radon are largely masonry type materials such as brick, tiles, and
concrete (Woolley, 2016). Radon levels can vary significantly according the origin of the
clay and rock that products have been made from. There are also significant problems
that result from the use of waste and recycled materials that are incorporated into building
materials (Kovler, 2012). It is difficult to separate radon emissions from the building
fabric and from naturally occurring radon in the ground or bedrock. However, some
interesting studies in this area (Pugh and Eldredge, 2009) examine high rise buildings
with corresponding radon emanation on upper floors, the theory being that elevated levels
cannot be attributed to radon from the soil but from building materials (Woolley, 2016).

Figure 20: Evaluation of the possibility of exceeding the limit value. (EC, 1999).

Radon problems were coming from mainly concrete construction and gypsum
plasterboard in the buildings on all floors. The purpose of that study was to calculate a
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better ventilation system that would reduce the radon problem. Radon levels varied
89

between 218 and 481 Bq/m3 in upper floors, well above the EU/UK safe limit. Higher
radon levels from the bedrock might be expected in the lower, ground floor and basement,
but not in the upper floor of a multi- storey building unless radon was emanating from the
concrete and gypsum construction (Pugh and Eldredge, 2009).
Concrete is made from stone aggregates and these can contain uranium and radium. As
radon gas decays it can produce polonium, lead and bismuth that can remain in the lungs
and cause cancer. Gypsum plasterboard or drywall can also be contaminated with
radioactive waste products. These materials can emit gamma radiation and radon
(Woolley, 2016).

Exposures to gamma radiation are 40% higher indoors than outdoors. They are at their
lowest in countries where most people live in timber buildings and highest in countries
where masonry materials are most common, thus confirming the higher risk from
masonry materials. Highest emissions are from rock and stone-based materials from
igneous and metamorphic rocks, such as granite. The lowest levels are from sedimentary
rocks such as limestone (Sahoo et al., 2011).
Their highest levels of radium, thorium and potassium are found in concrete, aerated and
lightweight concrete, clay (red) bricks and natural stones. The highest levels in materials
made from by-products are blast furnace slag and coal fly ash. Concrete appears to be the
most significant emitter of radiation and this can vary depending on the moisture content.
Radiation diminishes with lower moisture content in concrete. Increasingly, by-product
additives from fly ash and granulated blast furnace slag (GGBS) are used as cement
substitute or additives in concrete. Blast furnace slag, according to (Mustonen, 1984), has
led to concrete with radiation emissions up to 50% greater than normal concrete. Concrete
products made with 15% fly ash have also been shown to have higher radon emanation
levels. Cement and concrete products that incorporate recycled waste materials are often
claimed to be much more environmentally friendly than other materials, but such claims
do not refer to possible risk from radiation. Decorative stone and granite worktops are
also a source of low-level radiation and have become increasingly popular in houses.
Granite worktops have been found to emit around 14Bq/kg, which is relatively low, but
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significant enough to be of some concern (Kitto, Haines and Arauzo, 2009).

4.6 Radon Prevention and Mitigation
Radon prevention and mitigation are methods to reduce indoor radon levels to the lowest
concentration possible in order to insure an overall risk reduction in the population
(Angell, 2011). Measures for radon reduction are typically based on either preventing
radon entering the building or removing it after entry. Radon prevention refers to the
radon control measures that can be taken during the construction of new buildings, while
mitigation or remediation deals with reduction of radon in existing buildings (Long and
Fenton, 2011).
The correct design and installation of prevention and mitigation measures must provide
radon reductions below the stated reference level. The appropriate radon control system
for a building depends on the site location and building conditions, which must be
considered in the design along with compliance off a series of requirements to assure
safety, durability and functionality during the buildings expected life. Design criteria also
state that the system should be quiet and unobtrusive for the occupants, its performance
should be easy to monitor and the costs of installation, operation and maintenance low
(WHO, 2009b). The premise of this study is that the airtightness and mechanical
ventilation both attributes of the passive house standard will yield lower levels of indoor
radon concentrations. Prior to construction, it is not possible to predict the radon
concentration in a dwelling. However, probability or risk maps are available, which show
the probability of radon concentrations in areas across Ireland and the UK (Figure 21).
These maps are color coded by geogenic risk.
In both Ireland and the UK maps have been produced showing the areas predicted to be
at particular risk from radon. In Ireland the country has been divided into a grid of squares
10 km x 10 km and are colour coded by the estimated percentage of homes above the
Reference Level of 200 Bq/m3 is shown by colour; the darker the grid squares the higher
the percentage of houses within that square with high Radon levels. These are divided by
five categories: <1%, 1%-5%, 5%-10%, 10%-20%,>20%. A grid square with 10% or
more houses predicted to have radon reading above the National Reference Level is in a
High Radon Area (Dowdall et al., 2017).
In the UK the map displays the probability of radon concentrations in areas across the
UK. This map is displayed in a 1 km x 1 km grid and are colour coded by concentration
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level: 1%-3%; 3%-5%; 5%-10%; 10%-30% and > 30% (Miller, C A; Rees, 2016).
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Figure 21: Radon Risk Area Maps for both Ireland and the UK (RADPAR, 2012)

4.7 Prevention and mitigation techniques
There are diﬀerent strategies to address radon prevention and mitigation. Techniques to
prevent radon entry and limit inﬁltration due to pressure-driven airﬂow include sealing of
entry routes into the building, installation of barriers or membranes and soil
depressurisation (SD), which is used to draw radon away before it can enter the building
by reversing the pressure flow between the soil and the building. To remove radon once
it has entered the building, the common technique promoted is ventilation (e.g. natural
ventilation of living spaces) that allows dilution of indoor radon concentration with
external air. In Ireland and the UK, the most commonly used methods of radon
remediation is improvement of indoor ventilation and fan-assisted sumps (Dowdall,
2018). The 1997 revision of Technical Guidance Document C introduced the requirement
for a fully sealed membrane (radon barrier) in dwellings in high radon areas risk areas
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built on or after 1 July 1998.

4.8 Barriers and Membranes
This radon protection method involves provision of a radon barrier such a membrane of
a radon proof material between the soil and the indoor space of the building to limit radon
entry. In order that radon barriers and membranes are eﬀective, they must be installed
airtight, but this is normally diﬃcult to achieve under common construction practices
(Angell, 2011). This prevention method for radon has corresponding synergies with the
application of air tightness methods used in the passive house standard to prevent
infiltration to reduce heat loss and improve human comfort. These methods for
airtightness however also offered the ability to measure the success of the application
through a blower door test which will provide a quantitative result.
Characteristics that should be considered in the design and installation of radon barriers
include the diﬀusion coeﬃcient which determines the resistance to radon, strength,
durability and thickness (WHO, 2009b). In many cases, damp-proof membranes used for
moisture can provide a suﬃcient radon-proof barrier if well installed (Arvela, Holmgren
and Reisbacka, 2012).
This technique can be used as a stand-alone strategy to reduce radon. However, these
barriers do not address the influence of pressure-driven airﬂow, they should be used
together with other radon protection measures and not as the only measure against radon
(Angell, 2011). The similarities again present the principles of passive house with
airtightness and ventilation.

4.9 Soil Depressurisation (SD)
Soil depressurisation is a radon protection strategy that focuses on reversing the pressure
flow between the soil beneath the building and the indoor environment, as advection is
the primary driving force for radon entry. Depressurisation is created under the slab in
such a way that radon can be drawn out before it enters the building envelope and thus
the indoor air of the building. Soil depressurisation systems (SDS) consist of three basic
components: a suction point located below the slab connected to a continuous and uniform
permeable aggregate layer, an exhaust pipe to extract soil gas and a means of extraction
(WHO, 2009b). The suction point of an SDS is normally a sump, which can be installed
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through the slab or the foundation walls, an alternative to the radon sump is placing drain
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perforated pipes in the aggregate layer beneath the slab. Depending on the extraction
method, SDS can be classiﬁed as active or static. A mechanical extractor (e.g. an electrical
fan) can be used in the case of forced extraction (active SD), while for natural extraction
(static SD) there are diﬀerent types of chimney cowls (Arvela, Holmgren and Reisbacka,
2012). Active SDS are generally installed with a mechanical fan which maintains a
constant depressurisation beneath the building, but static soil depressurisation is obtained
naturally by means of thermal buoyancy and wind eﬀect. Indeed, a similar synergy to the
previously discussed issue of controlled and un controlled ventilations of the building
itself. There are many variations of SDS, in the design of a speciﬁc SDS conﬁguration
the building and foundation characteristics should be considered. Among the factors that
inﬂuence SD eﬀectiveness are building airtightness, aggregate layer and soil
permeability, location and size of sumps or pipes, exhaust pipe diameter and height, and
type of extractor (natural or mechanical) (Abdelouhab, Collignan and Allard, 2010).
Active and passive soil depressurisation contribute both to dilute radon in the air space
under the slab to reduce the transfer of radon due to the advective soil gas ﬂow from the
ground towards the building (Arvela, Holmgren and Reisbacka, 2012). SD is a very
eﬀective method for radon reduction and, in general, active systems are more eﬀective
than static systems. However, although the high eﬀectiveness of SDS, combination with
other strategies such as radon barriers is recommended to obtain better results (WHO,
2009a).

4.10 Pressurisation
This technique consists in exerting an indoor overpressure compared to that in the soil
beneath the building by means of a mechanical fan. Thereby, the normal airﬂow from soil
gas into the building is reversed and radon is forced to reach the surface through other
routes far from the building. Positive pressurisation throughout the building reduces radon
entry due to pressure-driven airﬂow and contributes to the increase of the air exchange
rate so that radon is diluted (Arvela, Holmgren and Reisbacka, 2012).
To ensure that this technique is eﬀective, the building must be well sealed and relatively
airtight. If the building airtightness is high, low airﬂow provides suﬃcient indoor pressure
(Holmgren et al., 2013). This technique is also a good alternative in some situations where
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soil depressurisation is not recommended because it may cause radon extraction in

quantity from a wide area. In such cases, reversing the action of the fan to cause positive
pressurisation can be eﬀective in reducing indoor radon concentration.

4.11 Ventilation
Ventilation is a radon protection measure based on the exchange of indoor radon-laden
air and outdoor air to dilute radon and thereby reduce indoor radon concentration (Angell,
2011). There are two ventilation approaches that can be considered, improving ventilation
of the indoor living areas and ventilation of unoccupied spaces between the soil and the
indoor occupied space (e.g. cellar ventilation, vented crawlspaces, under-ﬂoor vents)
(WHO, 2009a).
Increasing ventilation of living spaces can be achieved actively by using a mechanical fan
or naturally by opening windows and doors manually, providing air vents and installing
trickle vents through walls or windows (Janssen, 2003). Besides radon reduction due to
dilution with outdoor air, ventilation of occupied spaces also can lower radon
concentration by reduction of the pressure flow between the soil and the indoor space and
thus, limiting radon entry due to pressure-driven airﬂow (WHO, 2009a). On the other
side, ventilation of unoccupied spaces allows interception of the rising soil gas to remove
it before entering the building, thereby reducing radon entry. To this eﬀect, a strong
current of fresh air to constantly replace the soil gas as it emerges from the ground is
created (WHO, 2009a).
Active ventilation can be achieved using three diﬀerent mechanical systems, namely
exhaust ventilation, supply ventilation and balanced ventilation. Exhaust ventilation
basically consists of extracting air, which depressurises the indoor space in relation to the
soil and outdoors, while supply or positive ventilation tends to pressurise by blowing air
into the indoor space. Balanced ventilation introduces and extracts air at similar rates,
resulting in a neutral pressure within the building (WHO, 2009a).
This radon protection approach may lead to energy losses during cold seasons or in
extreme climates, but there is the possibility to install a ventilation system with heat
recovery (Angell, 2011) Again, as outlined, this is a mainstay of the passive house
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standard. Normally, ventilation on its own may not be eﬀective to remedy high levels of
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radon, but it could, like other strategies, be used in combination with other radon
protection measures and so generally improves, the overall indoor air quality.
The slight positive pressure sustained on the building envelope helps guard against
infiltration of environmental pollutants, like radon. It is also safe to run combustion
heating equipment with positive pressure ventilation, which may become more
problematic with negative pressure systems. The disadvantage is however, that moist
interior air is typically forced out through cracks and gaps in the building envelope, where
it may contribute to moisture build-up in building cavities.
Extract only or negative pressure ventilation is the default mechanical ventilation system
in many cold climate countries. One centralised or several decentralised fans extracting
air from the interior, which is replaced with outdoor air. If there are no provision for
incoming air, outdoor air will be drawn through cracks and gaps in the building envelope,
which is not problematic in a summer climate, but may lead to severe issues in a winter
climate.

4.12 Discussion about Eﬀectiveness
A review of studies focused on radon prevention and mitigation interventions around the
globe resulted in a general eﬀectiveness classiﬁcation of radon prevention and mitigation
techniques. Among the existing radon prevention and mitigation techniques, active soil
depressurisation system was found to be the most eﬀective technique, reaching radon
reductions up to 60-95% (Holmgren et al., 2013). This was followed by, active ventilation
measures and pressurisation, reported to provide reductions of the radon concentration
within 40-80%.
Static methods, including sealing entry routes with radon barriers and membranes, and
simple ventilation were found to be less eﬀective (Khan, Gomes and Krewski, 2019). The
eﬃciency of static soil depressurisation is typically between 20–50%, and for sealing
entry routes and naturally improving ventilation in living spaces and unoccupied spaces,
radon reductions reported are in the range of 10-60%. Regarding the use of radon barriers,
it is shown that they have a signiﬁcant failure rate (Denman et al., 2006a). Eﬀectiveness
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reported is varied due to poor installation in some cases, but if well installed; signiﬁcant

radon reduction is achieved. On average, 50% reduction of the radon concentration is
provided with radon-proof barrier in the form of a membrane (Holmgren et al., 2013).
Although active soil depressurisation is the most eﬀective technique, sometimes it is
necessary to combine with other measures to ensure radon concentration is below the
Reference Level. A typical combination recommended for high radon areas in many
countries is the use of a radon barrier along with active or passive soil depressurisation.
Overall recommendation is to use a combination of prevention and mitigation techniques
(Khan, Gomes and Krewski, 2019).
Rahman and Tracy (2009) reviewed radon mitigation strategies that have been employed
in different countries. The choice of an optimal mitigation strategy is dependent on
building type, soil and climate conditions. Radon remediation methods have been
reported to successfully reduce radon concentrations by up to 90%. Arvela et al. (2012)
surveyed 1500 new low-rise residential houses in Finland following the revision of the
building code for radon prevention in 2003–2004. That study found that the average radon
concentration was reduced by 57% in houses that had taken preventative measures. Radon
concentrations may reduce because of the deliberate building interventions described
above but may also vary as an unintended consequence of energy retrofitting strategies
applied to buildings. The current state of knowledge regarding this aspect is reviewed in
the next section.

4.13 Impact of Energy Performance in Buildings
Energy retroﬁt interventions in buildings inﬂuence indoor radon concentration. Evidence
from diﬀerent European countries shows that radon levels increase after building
refurbishment (Ringer et al., 2012) (Collignan, Le Ponner and Mandin, 2016), Other
studies however; have seen similar increases, even with window replacement (Foley et
al., 2019). However, retroﬁtting measures including purpose-provided ventilation, e.g.
mechanical ventilation with heat recovery, can overcome the accumulation of indoor
radon and other pollutants (Mcgrath and Byrne, 2016).
As identified; a significant knowledge gap exists where there is limited research on new
building concepts such as passive house in line with implementation of EU Directive
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2010/31/EU on energy performance of buildings, aimed at reaching high energy
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eﬃciency and sustainability, have been implemented in new dwellings (2010/31/EU,
2010). As outlined; the main characteristics of energy eﬃcient dwellings are high
airtightness, mechanical ventilation systems and high-quality insulation, oriented to
minimise energy losses through transmission and ventilation (Ringer et al., 2012).

4.14 NRCS Knowledge Gaps
The Irish National Radon Control Strategy is controlled by the Department of
Communications Climate Action and the Environment. The strategy is implemented then
by the Irish Environmental Protection Agency (EPA). Phase One of this programme ran
from 2014-2018 (NRCS, 2014). Phase Two of the National Radon Control Strategy
(2019-2024) (NRCS, 2019) and the Knowledge Gaps paper which sets out the research
needed to support the strategy was published in 2019. This report defines these knowledge
gaps and under research theme 2; Labelled Better Targeting of Measures and Resources,
specially lists the relationship, if any, between increased air tightness and elevated radon
levels as unknown.
The report goes on to mention: “Radon concentrations in passive homes Indoor air quality
and overheating prevalence in passive homes are topics that are being researched across
Europe, however, there is very little data regarding indoor radon concentrations in Ireland
and the UK. Initial findings suggest that homes built to passive standard have low indoor
radon concentrations, however, further measurements are needed to strengthen this
finding and a study of radon levels in passive homes is currently being carried out by
Queens University Belfast”.
The results of this research satisfy the need for the further measurements and the provides
fresh new research to help meet the previously outlined knowledge gap by the EPA under
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the NRCS on the relationship between increased airtightness and elevated radon.

4.15 Passive House and Radon Studies
In 2009, WHO reported that indoor radon concentrations should be addressed during the
construction of new dwellings (prevention) as well as reduced in existing dwellings
(mitigation or remediation) (WHO, 2009b). As outlined in detail in a previous chapter
certified passive house standard buildings will employ mechanical ventilation with heat
recovery, but a common myth often portrayed is that windows cannot be opened in a
passive house. This is of course not true; opening windows in a building is part of the
strategy therefore in some literature it is referred to as mixed mode ventilation which is
the combination of both systems.
That holistic mixed mode approach is a conflict with natural ventilation strategies, this
method utilises hole in the wall vents with a reliable on the opposite of airtightness in
order to ventilate this building; the main driver for air exchange rate is the weather
outside. For example, a naturally ventilation home on an exposed site will have a much
different air exchange rate compared to a naturally ventilated home located on a sheltered
site. As the industry incrementally transitions to mechanical ventilation there is a
significant challenge to ensure quality installation, so as not to impinge on IAQ. There is
research available indicating that when installed and designed correctly correlates with
positive impacts on IAQ (Feist, Pfluger and Hasper, 2019).
The certified passive house standard methodology (Passive House Institute, 2013) is
designed to ensure the air quality classification IDA 3 (Medium IAQ CO2 level 600–
1000ppm) is maintained. The methodology has set out clear criteria and metrics which
are required to be achieved at design stage, installation stage and finally at
commissioning.
A search of the literature revealed only a few studies in which radon has been examined
in passive houses. A pilot study from Belgium by (Poffijn et al., 2012), monitored 20
passive house buildings located in a known high-risk area. The results found that 69%
had radon concentrations below 100 Bq/m3, the remining 26% was between 100-200
Bq/m3 and then finally there was one home above 200 Bq/m3. It should be considered
that the size of the study is very small (n=20), so that 5% above 200 Bq/m³ represents one
dwelling. It was remarkable that the only observation above 200 Bq/m³ corresponds to a
concentration of about 750 Bq/m³. One explanation for this might be the use of
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construction characteristics of the ground-air heat exchanger.
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In the discussion section it was put forward that the results should be handled carefully
due to the small sample size. However, the results provided some indications of good
indoor air quality, including radon, in certified passive houses. Primarily, the building
should be sufficiently air- tight to prevent radon and other pollutants in the soil to enter.
Secondly, the building should be ventilated to a degree that indoor produced pollutants
are efficiently evacuated. This could be assured by an appropriate ventilation system. The
conclusion noted that these parameters should be investigated in a more detailed way in
future research. In addition to this there were limited details on the sample tested passive
house was named however certification was not stated.
The most comprehensive research carried out to date was by (Ringer et al., 2012) on the
topic of passive house and radon is carried out within the EU-project RADPAR. The
impact of new building concepts such as passive house and the effect on indoor radon
level was carried out primarily with a desk based study to identify the construction,
heating and ventilation technologies used in modern dwellings and then subsequently an
investigation was carried out into their potential influence on indoor radon concentrations.
The study then featured a field study conducted in 28 passive houses in radon prone areas
in Austria over 2 months. The results of long-term radon measurements of this sample
yielded very low levels. This same study carried out an analysis on a further nine low
energy and passive houses with more detailed radon measurements made by means of
active devices. This part of the research featured an intervention of turning off the
ventilation system to examine the effect. In this study it was also found that the radon
concentration in the ventilated rooms is by a factor of about 1.5 higher when the air supply
is through the concrete earth tubes compared to the plastic earth tubes or sub soil heat
exchange system. In general, the results were below 300 Bq/m³, in most houses even
below 100 Bq/m³. However, in a few houses high radon concentrations were found. The
project in which measurements were carried out in 37 low energy and passive houses
summarised that, basically, the combination of a highly airtight building envelope and a
controlled mechanical ventilation system leads to very low indoor radon levels.
The third and final research found in the literature review was a paper presented in
Dresden at the 14th International Passive House Conference in 2010 presented by
(Uhling, 2010). This paper outlines the work of a master thesis by (Bergmann 2006). The
study features four passive houses monitored for 10 days. All these homes also featured
sub soil heat exchange systems which are common in Germany. The most important
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finding from their measurements was that whenever the ventilation system was on; the

indoor radon concentrations were almost at outdoor levels, however once the ventilation
system was switched off elevated radon levels were recorded. The study concluded
limiting radon exposure and the passive house concept are harmonious if the ventilation
system runs with slight overpressure. The limitations of the study conceded that the
sample of four was only a snapshot. The study finally warned about potential issues with
a ground to air heat exchange system.
Overall, in summary of these three papers, one pilot study of 20 houses, one is a MSc
Study of four homes and the third is more comprehensive but also has limitations. There
is a general trend following the hypothesis that the passive house concepts reduce radon
concentrations. All studies have examples of outliers with high levels recorded, however
the subsoil heat exchange systems are proposed to be the cause of these levels. These
studies also do not state precisely is the homes are certified passive houses this
generalisation is problematic. As outlined previously the certified passive house is of a
specific distinction. Other limitations of these previous studies are that even together there
is not enough data to be conclusive; the monitoring periods in two of three studies were
short-term studies.
Radon is unique in the spectrum of indoor air quality since it is a continuous source, which
is therefore not responsive to the intermittent ventilation techniques that can be used to
deal with other pollutants at the emission source (for instance, using extraction fans to
remove cooking related particulates). (Milner et al., 2014) conducted a simulation study
based on the English building stock and predicted how indoor radon concentrations might
change with various retrofitting strategies that were designed to achieve carbon dioxide
reduction targets. The study investigated the consequences of reducing home ventilation
by increasing the airtightness of the English housing stock. The study presented four
scenarios; the first was to apply airtightness without any change to the ventilation
strategy, this then projected to increase the UK average indoor radon concentration from
21 Bq/m3 to 33 Bq/m3 which is ~57% increase. The second modelling added ventilation
which projected a reduction in indoor radon concentrations marginally however this did
assume optimum conditions in the modelling parameters. The third scenario did assume
mechanical ventilation with heat recovery in a 20% of the homes in the UK and the
projection resulted in a significant impact reducing the UK mean to 19 Bq/m3 which is an
improvement on the current average. Then finally in the fourth scenario the modelling
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assumed 10% failure of the units and this presented with a modest increase in the average
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to 21.8 Bq/m3, the study also outlined that any such failure would only impact 2% of the
housing stock.

The findings of this study by (Milner et al., 2014) provide evidence that balanced
mechanical ventilation systems such as those employed in certified passive homes will
reduce indoor radon levels. But it has been outlined already, these systems only really are
applicable in buildings for which airtightness has already been implemented as both are
part of an overall strategy. The other aspect which was employed in this study was that,
other mechnical systems may induce radon ingress due to pressure differentials and also
the potential for failure with these systems which could lead to elevated indoor
concentrations. Overall the study concludes that measures such as airtightness should not
be implemented without mechanical ventilation as the modelling sugguests an increase in
indoor radon concentrations.
(Woolley, 2016) gives significant attention to radon. Much of literature reviewed
highlight, that radon can become elevated with airtightness; however, these references do
not provide a full depiction in some cases. Woolley’s interpretation overlooks many
studies including the results found in studies carried out by (Milner et al., 2014), (Poffijn
et al., 2012), and (Collignan, Le Ponner and Mandin, 2016).

4.16 Retrofitting and Radon Studies.
In Chapter 2 an overview was provided of the passive house retrofit classification
“EnerPhit”. A fundamental pillar of any credible plan to meet the carbon emission goals,
will demand significant upgrades to the energy performance of current building stock. A
calculation by Building Research Establishment (BRE) states that poor performing
housing costs the National Health Service (NHS) a staggering £2.5bn per year which is
often cited in literature (Friedman, 2010). The interventions employed in many retrofits
to address the heat loss through air infiltration as already outlined can lead to fresh
problems. Peter Bonfield author of the Bonfield report revealed, a clear finding that many
people have been found to be living in homes which have had improvement works carried
out to increase energy efficiency without the associated ventilation (Bonfield, 2016a).
The authors of a study at Cardiff University examining retrofit concluded “The
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installation of most individual housing measures (new windows and doors; boilers;

kitchens; bathrooms; electrics; loft insulation; and insulation) were associated with
improvements in several social and health outcomes. There were however a few
exceptions. Most notably, in contrast to the expectations, the installation of cavity wall
insulation was associated with poorer mental and general health, and an increase in
reported respiratory symptoms” (Poortinga et al., 2018)
On the other hand, there is also evidence of positive outcomes, researchers asked tenants
of Nottingham City Homes about their health and satisfaction before and after the external
wall insulation was fitted. They too said their health had improved, with statistically
significant improvements in mental well-being, including reduced anxiety, and reduced
use of NHS services (Densley Tingley, Hathway and Davison, 2015).
The CCC, crucially, insists that the health of occupants must not be compromised by
energy retrofit – but rather, should be enhanced. “Upgrades or repairs to homes should
include increasing the uptake of passive cooling measures (shading and ventilation);
measures to reduce indoor moisture and improved air quality,” it says (Committee on
Climate Change, 2019).
“An integrated approach to design, build and retrofit is needed. Regulations around
ventilation must evolve to keep pace with improvements in the energy efficiency of
buildings, and there is a need for a more coordinated approach to the requirements for
energy and ventilation in buildings. Rather than piecemeal incremental change, long-term
investments that treat homes as a system are needed.” The evidence shows that this
position is right, and when carried out appropriately without neglecting ventilation,
retrofit can indeed improve occupant health.
This narrative continues with respect to indoor radon concentrations. There have also
been several studies which examine the influence of retrofitting on indoor radon
concentrations. These are presented below.
(Collignan, Mandin and Powaga, 2015) collected data from 3233 houses in a radon-prone
area in Brittany, France, between 2011 and 2014. They found that thermally retrofitted
homes have a median radon concentration of 180Bq/m3 compared with 114 Bq/m3 in nonretrofitted houses. The study highlighted the challenges faced when determining a
relationship between radon levels and period of construction because of the strong
interrelationships with the type of foundation, main construction materials and thermal
retrofit. The results of a multivariate linear regression model showed that thermal
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retrofitting had a significant effect on indoor radon concentrations (a 21% increase).
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A pilot study carried out by the EPA (Long and Smyth, 2015) assessed the impact of
energy retrofitting on radon concentrations in 142 social homes. The average pre-retrofit
radon concentration was 56 Bq/m3, whereas the average post-retrofit radon concentration
was 50 Bq/m3. However, the individual ratios for radon concentrations post retrofit versus
pre retrofit ranged from 0.1 to 7.3. Retrofit measures such as attic and cavity wall
insulation and draught-proofing were found to contribute to the highest average post-/preretrofit ratio of 1.5.
(Roserens, 2000) reported that on average, that radon concentrations increased by 26%
post retrofit. The study reported that the replacement of windows was the retrofit measure
that had the greatest effect on indoor radon concentrations.
Broderick et al. (2017) reviewed indoor air quality in 15 semi-detached residential
dwellings located 12km outside Dublin. The average radon concentration pre retrofit was
56 Bq/m3 compared with 42 Bq/m3 post retrofit. However, when the dwellings were
examined individually, radon concentrations were seen to increase by up to 41% in eight
of the dwellings and decrease by up to 50% in the remaining seven dwellings.

4.17 Chapter Summary
The findings from the literature reviewed in this chapter highlight the fundamental
importance of radon within the indoor air quality (IAQ) spectrum and the inherent risks
to health with it being a known carcinogen. There is also a summary to provide an
understanding of the methods of radon prevention and mitigation.
Furthermore, the knowledge gap has been clearly established with several publications
outlining the need of further studies into radon concentrations in new modern homes built
to new standards. This is overtly articulated in a report by the EPA in Ireland on existing
knowledge gaps within the national radon strategy.
The review concludes with a review of specific literature with respect to radon post
occupancy studies in low energy homes and energy efficient retrofit including the passive
house standard.
A consistent feature of the literature reviewed is loquacious use of the term passive house,
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without precisely stating whether the building is certified or not. This perhaps highlights

a gap in understanding, and it would be better for literature to align with one another to
present a unified body of work. Much of the literature in this niche space focuses on
studies that are short term or small sample size, there is also a lack of clarity in many
about the characteristics of the sample. (i.e. certified passive house or non-certified).
As previously outlined and augmented throughout this literature review; Certified Passive
House is independently verified by a Passive House Institute (PHI) approved, third-party.
There is also the phenomenon of declared Passive House where the design was reportedly
completed in accordance with PHI guidelines, but certification was not pursued, or
certification status is unknown. Then finally the third category, homes with Mechanical
Ventilation with Heat Recovery (MVHR), includes all dwellings that were built to some
other low energy or and therefore do not conform to one or more PHI criteria. These
homes may be equipped with a balanced MVHR system and have typically an airtightness
level of n50 of 1-3 Ach@ 50Pa. These homes present with known deviations to the
passive house approach.
These studies serve to demonstrate the fundamental need for further research in the on
the performance of passive house and indoor radon concentrations, in order to inform the
future direction of building regulations and legislation relating to ventilation and energy
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use in buildings.
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5 METHODOLOGY

5.1 Chapter Introduction
This chapter describes and evaluates the methods used in this research study. The first
section discusses overall design and methodology for measurement of radon in the
Certified Passive House sample and the corresponding multiple-case study subset. The
chapter concludes with a short discussion of research and the limitations of the study.
The primary objective of the survey was to determine if certified passive house buildings
have lower levels of indoor radon concentrations.

5.2 Research Ethics
Ethical approval was sought at Queen’s University School Research Ethics Committee,
which was granted on the 7th May 2017. The research was conducted in line with the
guidelines and standards set by the University’s Code of Good Conduct in Research and
its Policy on the Ethical Approval of Research. All research will be conducted in a
professional and overt manner, ‘designed, reviewed and undertaken in a way that ensures
its integrity, quality and transparency’ (ESRC, 2010).
The research posed no major risks to the participants. Potential participants were provided
with an information sheet and a consent form, provided in the appendix, outlining all
aspects of the research process. It was stressed that participation is entirely voluntary and
that they have the right to withdraw from the study at any time without any consequences.
Participants were given time to consider their involvement without pressure from the
researcher and the opportunity to ask any questions.
Throughout the research the anonymity of individuals and appropriate levels of
confidentiality were maintained. On the consent form participants had the option to
remain anonymous to conceal their identity. Participants were made aware of the limits
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of confidentiality within the setting and were assured that any requests for anonymity

during dissemination will be acted upon. Participants were also assured that any
information they provide will only be accessed and used by the researcher.
All information gathered was only accessible to the researcher. To ensure the safe storage
of data, electronic versions such as interview transcripts are held securely on a personal
computer and have access restricted through password protection. Hard copies of data are
stored in a locked filling cabinet. To ensure that anonymity and levels of confidentiality
are maintained, all research participants will remain anonymous in the presentation and
dissemination process and will only be identified if permission is granted to do so. Where
necessary, pseudonyms will be used to conceal participant identity.

5.3 Pilot Radon Testing
The Pilot radon testing in this research was carried out in August to December 2017. The
main reason for the pilot testing was to trial the process from ethics permission, to posting
out the radon detectors through to return and testing 3 months later. The sample used in
this pilot study was on five certified passive house buildings in Northern Ireland.
This pilot study produced two featured published works. The first of these was presented
and published in conference proceedings of the CIBSE Technical Symposium in 2018.
This can be found in Appendix 4. The presentation and conference paper led to an
invitation to submit to the Building Services Engineering Research and Technology
(BSERT) journal, that submission was accepted and published in early 2019. This can
also be found in Appendix 4.

The initial results of the pilot study Figure 22 were consistent with the hypothesis that
certified passive house buildings perform better in respect to indoor radon concentrations
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compared the postcode averages in Northern Ireland.
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Figure 22: Pilot Study Northern Ireland Postcode radon level average comparison
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The process of carrying out the pilot study interrogated the methodology approach, there
is a synergy between the process employed in this study and the national approach used
by the Environmental Protection Agency for radon testing. The pilot study did reveal a
delay in returning the detectors and for the rest of the study, direct interventions were
made in the form of a soft reminder where made with letters to the occupants approx. four
weeks before the due date.

5.4 Research scope
This research project focused on certified passive house buildings in an Irish and UK
context. A notable aspect of this research is that, findings are applicable globally and thus
can be augmented. The pilot study as outlined was conducted between August and
December 2017 on the Certified Passive House Northern Ireland sample, followed by the
main testing period which was carried out in three phases
a) August – December 2018
b) January – April 2019
c) May – August 2019.
This study will employ a single data collection technique which will be the passive etched
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track detectors deployed for 3 months, according to the EPA protocol for measurement

of radon in homes and workplaces. This standard radon test will produce a quantitative
analytical result following procedure which is expressed in Becquerels per cubic metre
(Bq/m3). This will also allow direct comparisons to various reference levels from existing
data and will also allow comparisons between subcategories within the study. All primary
data in this study is the data which is directly yielded from this PhD study. This is existing
data which is openly available and has been used in this study to compare against the
fresh primary data generated in this study.

5.5 Sample Selection
As outlined in chapter two, the Passive House design and building certification process
together ensure the customer or end user gains something very specific: A Certified
Passive House building. The UK Passive House Trust is an independent, non-profit
organisation that provides leadership for the adaptation of the certified Passive House
standard and methodology. There are as of June 2020 circa 3000 certified passive house
units with a further 2000 under development (UK Passive House Trust, 2020).
The Passive House Association of Ireland (PHAI) is the Irish counterpart to the UK
Passive House Trust which also provides leadership for the adaptation of low energy
design based on the Passive House principles, across the Irish building sector. The
Mission of the PHAI is to promote, educate and facilitate, to develop a strong identity,
understanding and demand for the Passive House concept. In Ireland there are 222
certified units and a further 400 in development (PHAI, 2020).
The Passive House Institute also compile and constantly update an open database online
which has detailed information on each project from general information, envelope
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metrics, details of the mechanical systems and the PHPP values see Figure 23.
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Figure 23: Certified Passive House Location Maps for Ireland, UK and Global.

The Republic of Ireland has an interactive map showing the areas predicted to be at
particular risk from radon. Similarly, in the UK Public Health England has published a
map showing where high levels are more likely. The darker the colour on both maps the
greater the chance of a higher level. Both facilitate the use of postcode to find exact areas
on the map online.
These five sources; (1. UK Passive House Trust, 2. Passive House Association of Ireland,
3. Passive House Institute Project Database, 4. EPA Radon Map and 5. PHE Radon Map)
allowed the construction of a database for this project. The detailed certified passive
house projects coupled with their specific detailed information and based on geo location
their corresponding actual radon risk.
The general target was to assess as many certified passive house buildings as possible.
Following the pilot study (Stage 3) conducted in late 2017 and the completion of all
ethical considerations test kits were sent to those who give permission. This represented
Stage four from Figure 24 with the radon testing of all certified passive house buildings
where permission was granted.
Stage five was the next stage in the methodology which was to select the certified passive
house buildings along with a standard building regulation building located in direct
proximity and both in the high-risk areas and then compare and quantify the difference in
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order to answer the research questions.

Figure 24: Research flow chart.

5.6 Multiple Case Study Design
Selecting the appropriate research methodology for this study posed a challenge however
following significant reading from (Yin, 1984), (Bryman, 2008) and (Saunders, Lewis
and Thornhill, 2008) proved instrumental in gaining an understanding of the theory
underpinning data collection and analysis. The process of distilling this knowledge gained
from reading focused on selecting the most suitable research methodology to fulfil the
aim and objectives and to satisfy the credibility of the research. Research philosophy,
approach, choice, strategy, and techniques and are all integral components of the
methodology. This is very well depicted in the “research onion” illustration by (Saunders,
Lewis and Thornhill, 2009). In the diagram below the corresponding selections for this
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study are shown.
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Figure 25: Research Onion illustration with selected layers for this study.

The research strategy will govern the direction of the research including the process by
which the research will be conducted. Case study, experiment, survey, action research
and grounded theory and ethnography are all examples of research strategies.

As outlined at the start of this chapter, this research seeks to investigate if buildings built
to the passive house standard are at risk of high indoor radon concentrations with the aim
of understanding the relationship between indoor radon concentrations and inherit
characteristics of the passive house standard. The hypothesis is that certified passive
house dwellings, which feature a defined airtightness level and employ balanced
mechanical ventilation with heat recovery, will yield potentially lower indoor radon
concentration than conventional buildings. To test the hypotheses and satisfy the aim,
objectives were designed and defined following key research questions which were
formulated from initial reading at the proposal stage. The objectives of this research
include examining existing certified passive house buildings against the national radon
maps which will establish a predicted level for each location, actual radon assessment of
the buildings, comparing the primary data generated from the radon testing and
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comparing it against secondary data followed by comparative multiple case studies.

This PhD research has adopted the multiple case study research strategy with a mono
method quantitative approach as the appropriate design to test the hypothesis and to
satisfy the aim and objectives of the study. The overall aim of study into the effects of the
passive house standard on indoor radon concentrations in a real-life context provides
justification for this choice. This case study approach will facilitate real life investigation
into the research aim and the mono method quantitative approach will allow the study to
be statistically driven and will aid the analytical framework.
The process of selecting the Multiple Case Study projects began with desk-based
research, investigating the certified passive house projects in the United Kingdom and in
the Republic of Ireland. A database was complied, which was then reduced after
subsequent investigation, which included contacting the various occupants or architects
involved in the projects. Suitable and willing case studies were then selected following
an explanation of the project in detail and an opportunity afforded to discuss any
apprehensions prior to initiation of the field work.
In-depth comparative case studies will be limited to certified passive house projects
located in high risk radon areas, which were believed to provide enough depth considering
the available resources, while maintaining a manageable database for analysis and
interpretation. The case studies will be carefully chosen for their specific characteristics;
location in a geo genic high risk affected radon area and the proximity of suitable
buildings of similar scale and standard construction. Another benefit of multiple-case
design is that it will allow replications and across subgroups with the investigation of
different passive house classifications (EnerPHit) and construction types such as timber
and masonry. The passive house standard can also be applied to existing buildings with
the EnerPHit standard; currently 35% of the buildings in the EU are over 50 years old
(EC, 2019). The challenge of sustainable retrofit for energy efficiency and carbon
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reduction is also in focus.
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5.6.1 Test for Statistical Relevance
To assess if the sample tested in this study was statistically relevant. The following
formula was employed.

1. Sample Size Calculation:
Sample Size = (Distribution of 50%) / ((Margin of Error % / Confidence Level
Score) Squared)
2. Finite Population Correction:
True Sample = (Sample Size X Homes) / (Sample Size + Number of Homes – 1)

In the 2016 Census a total of 2,003,645 homes were enumerated of these 1,697,665 homes
were occupied. Two things that require explanation are the confidence level score and the
distribution. The confidence level score is the standard deviation value that corresponds
with the confidence level. In the case of a confidence level of 95%, the confidence level
score would equal 1.96. Distribution was assumed at a conservative 50%, and margin of
error of 10%

1. Sample Size = ((1.96)2 x .5(.5)) / (.10)2
Sample Size = (3.8416 x .25) / .01
Sample Size =.9604 / .01
Sample Size = 96.04
Sample Size = 96 homes are needed
2. True Sample = 96.04 x 1,697,665 / 96.04 + 1,697,665 – 1
True Sample = 162975840 /1697760
True Sample = 95.99

When the True Sample Size is rounded up to the nearest whole person, the result is a
value of 96 homes. Therefore, to have a 95% confidence level with a 10% margin of error
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in the results, a threshold to test 96 homes out of 1,697,665 homes is required.

Table 6: breakdown of Certified Passive House sample and subgroups.
Location

Timber

Masonry

EnerPHit

New Build

6

4

2

1

5

222

77

28

49

3

74

Scotland

14

0

0

0

0

0

Wales

5

0

0

0

0

0

England

155

14

7

7

1

13

Total

407

97

39

58

5

92

Northern

Certified

Selected

PH

Participants

11

Ireland
Republic of
Ireland

Note: 122 Total Participants: 25 Comparison homes also tested in the research study.

5.7 Generalisability of the research findings
Generalisation of the results was pursued in terms of ‘analytic generalisation’ as opposed
to the more widely recognised ‘statistical generalisation’. As explained by (Yin, 1984),
in a multiple-case design, the researcher considers individual case studies almost as
separate experiments, where, ‘previously developed theory is used as a template with
which to compare the empirical results.’ In this sense, sample size was not considered of
significant importance. Indeed, ‘the objective of case study research is not to generalise
findings to a population but to probe theory’ (Woodside, 2010).

5.8 Selection of the Case Study Projects
The case studies were finally limited to ten certified passive house standard projects,
which all had a neighbouring property tested as part of the study as to be able to carry out
a comparative analysis and interpretation.
The case studies were carefully chosen for their specific characteristics as planned; each
one was in an area with an elevated or high-risk geo location which corresponds with the
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associated radon maps. All the Certified Passive House Buildings have been built since
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2005 therefore all will be built with radon protection. In the neighbouring homes it was
simply established if they were built pre or post 1998 which corresponds with the
introduction of radon protection into the building regulations (Dowdall, 2018).

5.9 Seasonal Adjusted Annual Radon Levels
The next phase of the survey was to carry out radon measurements in the accepted
homes.To ensure the results of radon gas measurements in the passive house homes could
be compared with the national Reference Level (200 Bq/m3) along with the UK Target
Level of (100 Bq/m3). In was important to ensure the measurements were carried out
consistently in the sample, the Environmental Protection Agency (EPA) were approached
early in the study and agreed to support the study in the form of implementing the testing
in accordance with their own measurement protocol as it corresponded with a significant
knowledge gap identified in Phase Two of the National Radon Control Strategy (20192024) (NRCS, 2019). Only the results of radon measurements made in accordance with
this protocol can be compared to the National Reference Level of 200 Bq/m3.

Previous research has found that significant variation can occur due to seasonal influences
(Burke and Murphy, 2011). This can be accounted for with a method of seasonal
correction see Table 7. The EPA use a table of factors to conduct this correction. The
process will produce a seasonally adjusted annual average. An example of this is provided
in the next sub section.

Table 7: Seasonal correction factors for calculation of seasonally adjusted annual
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radon levels (Dowdall, 2018).

5.10 The Environmental Protection Agency Protocol
The approach adopted for this PhD research was to follow standard EPA protocol and
select the measurement time with the corresponding seasonal correction factors set out in
the EPA’s protocol for the measurement of radon in homes. Below is an example of the
methodology employed (Dowdall et al., 2017).
The seasonal correction factor to be applied to the measurement is obtained by averaging
the monthly correction factors given above for the measurement period. The average of
the two measured concentrations should be divided by the average seasonal correction
factor to determine the seasonally corrected annual average.
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Example of Seasonal Adjusted Average
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For example, a measurement with the following results:
Bedroom: 150 Bq/m3
Living Area: 210 Bq/m3
Results in an average radon concentration of
(150+210) / 2 = 180 Bq/m3
Where the measurement period covers the months of April, May and June, the seasonal
correction factor is calculated as follows:
(1.05 + 0.96 + 0.89) / 3 = 0.97
The final, seasonally adjusted, average radon concentration is:
(180 / 0.97) = 186 Bq/m3

Approximately four weeks before the radon detectors were due to be returned to the
laboratory for analysis, a reminder to return detectors was sent to each participant. The
aim of this was to obtain basic details on the building; including for example, the year of
construction as the radon protection was introduced to the building regulations in 1998.
On return to the laboratory, the detectors were analysed using the standard test procedures
ISO 17025 by the Irish National Accreditation Board (INAB) (Dowdall, 2018). To
compare radon measurement results for homes with the National Reference Level of 200
Bq/m3, the radon gas concentration must be determined in accordance with the EPA’s
measurement protocol summarised below:
The annual average radon gas concentration for a home is determined using two radon
gas measurements, one for the main living area and one for the main bedroom. The
protocol was implemented for all 122 accepted participants.
The radon gas concentrations are measured using a CR-39 detector held in a two-part
polypropylene holder. The holder acts as a simple radon diffusion chamber, excluding
radon decay products and dust, limiting access of moisture but allowing the entry of radon
gas. The composition of the detectors is polyallyldiglycol carbonate (PADC).
The average radon gas concentration for a home is calculated as the arithmetic mean of
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the measured values for the main living area and the main bedroom corrected for seasonal

variation. Similar to many other studies (Shrubsole et al., 2012) in this field equal
occupancy between the two locations is assumed based on the absence of suitable data.
The alpha particles emitted following the decay of radon in the detector chamber leave
tracks on the CR-39 detector. On return to the laboratory, the detectors are chemically
etched in 6.25 M sodium hydroxide at 98°C for 1 hour. The track density is then counted
and converted to radon concentration. The use of etched track detectors provides reliable
measurements at a low cost and thus, it is the most popular passive radon measuring
technique (Dowdall, 2018).
The participants in this PhD study each received a test report following the monitoring
period containing their radon measurement results this will include levels for both
detectors which were located downstairs and upstairs during the monitoring along with a
seasonally adjusted average overall result. Where a result was found to be above the
national Reference Level of 200 Bq/m3, advice regarding radon remediation was also
provided.

5.11 Measurement Uncertainties
The margin of error is illustrated with error bars on all relevant results in the next chapter.
This margin of error used is from an independent assessment of measurement
uncertainties of the Environmental Protection Agency radon measurement service which
was carried out previously and published by (Hanley et al., 2008). This is the same
laboratory was used to measure the 122 results recorded in this PhD research study. The
radon laboratory holds the accreditation from the International Organisation for
standardisation and International Electrotechnical Commission (ISO/IEC) 17025. A
requirement of this standard is an estimate of uncertainty of measurement. This work
employed two approaches to estimate the uncertainty. The bottom up approach involved
identifying the components that were found to contribute to the uncertainty. Estimates
were made for each of these components, which were combined to give a combined
uncertainty of 13.5% at a radon concentration of approximately 2500 Bq/m3 at the 68%
confidence level. By applying a coverage factor of k = 2, the expanded uncertainty is ±
27% at the 95% confidence level. The top down approach used information
approximately 95% confidence level. This is good agreement for such independent
estimates (Hanley et al., 2008). In this research, as the monitoring and testing was carried
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out by this lab, the uncertainty level of ± 27% was adopted for the study.
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5.12 Chapter Summary
This chapter presents method of research employed in this study to test the hypothesis
and answer the objectives through the testing of indoor radon in this passive house
sample. It was also important to provide enough depth and breadth, so the Case Study
approach was employed to underpin the main method with consolidation providing
deeper insight and understanding.
The following two chapters (six and seven) present the results of the radon measurements,
building details, and comparison analysis for the ten-case study certified passive house
projects. This is then followed by a discussion and conclusion of the results of which are
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presented in chapters eight and nine.

6 RESULTS

6.1 Summary
This chapter presents the results of the radon testing. Radon measurements were
completed in a total of 122 homes. These consist of 97 certified (5 EnerPhit) passive
house buildings and 25 comparison homes. Through overall comparison analysis
including direct case studies, airtightness, materials and building standard. It has been
possible to assimilate the findings of indoor radon concentrations for the complete
sample. The results produced clear trends coupled with an exploration of the impact
Certified passive house buildings on radon levels.

6.2 Primary Data Analysis
6.2.1 Tests for normality in primary data
Graphical checks to test for log normality of the data were carried out using a histogram
and a normal quantile QQ plot. The QQ-plot of the data show a good fit to a log normal
distribution Figure 26. A small deviation from a normal distribution is noted. It
corresponds with similar observations in previous Irish radon data such as the 2002 NRS.
Figure 26: Primary data QQ Plot to check for normality of data
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To verify the graphical checks of log normality, a Kolmogorov-Smirnov hypothesis test
for normality of the log-transformed background-corrected data was performed and gave
a p-value of 0.2427. This p-value indicates that the hypothesis cannot be rejected,
indicating the data is log normal. The conclusion is that there is no reason to treat the
values highlighted by the box plots as outliers and the entire data set of 97 measurements
can be analysed.

6.2.2 Test of primary data for outliers
Of the 122 accepted participants, a total; 244 radon measurements were accepted for use
in the survey analysis (bedroom and living room). To examine the outliers in the data, a
box plot of the passive house sample 97 log transformed measurements was produced.
While it is well established that the distribution of radon levels in homes approximates a
log-normal distribution (Denman et al., 2006b), previous studies of radon levels in Ireland
demonstrate that there are deviations from log normality. These deviations are due to
outliers observed as a small number of extreme radon measurements (Organo et al.,
2004).
In a boxplot, outliers were classified as those which lie further than 1.5 interquartile
ranges from the upper and lower quartiles. As can be seen from
Figure 27, a small number of outliers are observed in the primary data. On this basis,
further statistical analyses to determine whether these values should be treated as outliers
was undertaken.
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Figure 27: Primary data box plot of 97 radon measurements

6.3 Main Study results
To establish a spectrum and the first comparison analysis, the results of the monitoring
(primary data) are compared directly against various national reference levels for both
Ireland and the UK (secondary data). As outlined in chapter 4 the Irish government set
the national reference level at 200 Bq/m3 for domestic dwellings (Dowdall et al., 2017)
and in the UK Public Health England also recommend an Action Level of 200 Bq/m3, in
addition to this in the UK, there is also a target level reference of 100 Bq/m3 (Public
Health England, 2018). This is the ideal level outcome for both, remediation works in
current buildings and for new buildings with the protective measures. If a result is
between the target level and the action level, then action to reduce the concentrations
should be considered (Public Health England, 2018).
The sample of 97 certified passive house homes were measured for at least 90 days in
accordance with national guidelines. The results, as shown in Figure 28, indicate that
none of the certified homes in the sample exceeded the reference level or action level of
200 Bq/m3, further examination showed that only 7% of the sample breached the UK
target level of 100 Bq/m3, both references are shown with a broken line. The error bar
shown in all the results corresponds with the measurement uncertainty level of 27% which
was outlined in the previous chapter. The World Health Organization recommends that
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countries adopt reference levels of 100 Bq/m3. If this level cannot be implemented under

123

the prevailing country-specific conditions, WHO recommends that the reference level
should not exceed 300 Bq/m3 (WHO, 2016).
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Figure 28: Radon monitoring results of the 97 certified passive house dwellings.
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Figure 28 displays the results of the radon testing for the 97 passive house homes. Each
measurement presents the seasonal adjusted average. This is the same procedure and
laboratory that is used nationally.
Interestingly the average of the entire certified passive house sample was observed to be
36 Bq/m3. That is significant when compared against the Irish national average of 77
Bq/m3, this represents 53% lower radon level than the Irish average. The UK populationbased average is 21 Bq/m3 but; in order to assess the sample in more detail, the results are
compared against local known radon level via postcode, this will yield a more accurate
comparison.
In the sample of 97 certified passive house homes 77 of them are in the Republic of
Ireland and 20 are in the UK and Northern Ireland. In Figure 29 the 77 Irish certified
passive houses are presented against the corresponding average of the county for the
home. Simple statistical analysis was used to compare the difference. Only in five or (6%)
out of these 77 results did the measured radon levels in the certified passive house sample
exceed the corresponding county average. In Figure 30 the 20 United Kingdom certified
passive houses are presented against the arithmetic average for the corresponding
postcode location of the home. Again, there is a correlation, only 3 or (15%) out of these
20 results did the monitored radon level in the certified passive house sample exceed the
postcode arithmetic average. In the 3 homes which reported higher levels (76 Bq/m3, 144
Bq/m3, and 147 Bq/m3) than the postcode the radon concentrations recorded were all still
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below the action level of 200 Bq/m3.

Figure 29: Indoor radon monitoring results – Irish county average comparison.

Radon Monitoring Results - Irish County Average
Comparison
77
75
73
71
69
67
65
63
61
59
57
55
53

Irish Certified Passive House Sample

51
49
47
45
43
41
39
37
35
33
31
29
27
25
23
21
19
17
15
13
11
9
7
5
3
1
0

20

40

60

80

Radon Level

Word Template by Friedman & Morgan 2014

Passive House Level

100

120

140

160

180

Bq/m3
County Level

127

Figure 30: Indoor radon monitoring results – UK postcode average comparison.
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6.4 Comparison against the National Radon Survey.
The primary data yielded directly from the passive house sample was compared against
secondary data produced from the national radon survey carried out by the EPA. The
original survey was conducted between 1992 and 1999 (Fennell et al., 2002). It was this
work which produced the risk maps and produced the now superseded indoor radon
national average of 89 Bq/m3. This was updated following a reassessment in 2015. The
results of this reassessment produced a new national average indoor radon concentration
of 77 Bq/m3 (Dowdall, 2018). The full dataset of 649 anonymised homes was used as a
proxy for comparison.
The number of homes exceeding the 200 Bq/m3 Reference Level was found to be 8% in
the EPA survey, along with a figure of 8% in the comparison sample. This correlation
with the national radon survey 2015, is further consolidated with the average comparison
of non-passive house (comparison homes) at 88 Bq/m3 which is broadly in line with NRS
at 77 Bq/m3. As mentioned previously, the passive house radon concentrations are
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displaying decreased levels, the overall average results in a 60% lower figure.

Table 8: Comparative analysis of the primary and secondary data.
Metric

EPA 2015 NRS

Comparison Sample

PH Sample

Number of homes measured

649

25

97

No. of homes > 200 Bq/m3

8%

8%

0%

No. of homes > 100 Bq/m3

25%

16%

7%

Minimum concentration (Bq/m3)

14

21

10

Maximum concentration (Bq/m3)

1393

598

149

SAA1 average for Sample

77

88

36

1

Seasonal Adjusted Average (SAA)

6.5 Comparison of Radon distribution by Floor
All but one of the homes in the certified passive house sample are two storey low rise
dwellings. It is assumed that levels of radon are intrinsically lower on upper floors in
contrast to downstairs floors. The main source of radon in homes is from the underlying
soil. In addition, radon is heavier than air, so levels of radon measured in first floor rooms
are generally lower than ground floor rooms. For example, previous research published
in the UK found that radon levels were found to be typically 35% lower in first floor
bedrooms compared to ground floor living rooms (Wrixon and O’Riordan, 1985). There
is a growing body of research however that demonstrates that this is not always the case
since radon emanating from materials from which the house is constructed, together with
ventilation strategy may contribute significantly effecting the radon concentration
distribution of indoor levels within the building. Much of the research on this variability
has focused on multi-storey buildings, however there is a paucity of research on domestic
two storey buildings and none on low energy or certified passive house standard
buildings.
To investigate this within this study the monitoring results were analysed for all 97
certified passive house buildings. The (secondary data) was also used in this section for
comparative analysis. As mentioned, there were 649 radon measurements in that study,
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only 344 of them are two storey dwellings and 115 of them are single story bungalows
129

with the remainder being multi-storey or commercial. The 344 two storey subset provides
an excellent sample for comparison and consolidation of the results.

Table 9: Ratio of bedroom/living room radon concentrations of primary and
secondary data.
Study

No of Samples

Mean Ratio

Median Ratio

Standard Deviation

National Radon Study

344

0.79

0.74

0.37

Passive House Study

97

1.03

0.92

0.56

Distribution ratios shown in Table 9 of the bedroom/living room radon levels in the
individual two storey properties in the NRS 2015 presented as gaussian (mean 0.79,
median 0.74, range 0.04-3.75) with a standard deviation of 0.37 all left skewed. The mean
is consistent with the outcomes of previous research in this area, while the variability
depends principally on the characteristics of the property, and not on seasonal factors.
Bungalows, single-storey dwellings in which both living-room and bedroom are situated
on the ground floor, the bedroom and living room radon concentrations being essentially
equal. Ratios of the 115 single-storey homes or bungalows monitored in the NRS 2015
clustered around 1.0, indicating that selective house design, rather than exclusive house
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design, is the dominant factor in determining bedroom radon levels.

Figure 31: National Radon Survey radon distribution ratio analysis.

The most surprising aspect of the passive house data was the acute contrast between
downstairs and upstairs radon concentrations. Distribution of the ratios of
bedroom/living-room radon levels in individual properties are significantly anomalous
with (mean 1.03, median 0.92, range 0.52 – 4.22) with a standard deviation of 0.56. A
possible reason for the difference may lie in the fact that the Passive house standard has
a defined specification for airtightness and MVHR systems unlike much of the standard
dwellings. The passive house standard employs a consistent framework of design,
installation and commissioning of these systems which insures good performance
(Mitchell and Natarajan, 2020). This quality assurance (Hasper et al., 2021) coupled with
typical layout of a two-storey dwelling (Rojas, Pfluger and Feist, 2015) combine to
produce the lower indoor concentrations and closer distribution levels between upstairs
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and downstairs.
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Figure 32: Certified Passive House radon distribution ratio analysis.

The radon concentrations measured both upstairs and downstairs in 344 two story home
in the NRS 2015 were further analysed and found the radon levels in bedrooms to be 33%
of the living room radon level on average. Thus, consistent with the generally accepted
figure of 35% found in previous research (Denman et al., 2006b). In this study, the radon
concentrations measured between both floors tested, interestingly found that levels were
only 6% lower on the first-floor bedrooms compared to ground floor living rooms. Indeed,
many properties have been identified in which the mean bedroom radon concentration is
greater than the living-room value.

Figure 33: Radon distribution average comparison by floor.
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6.6 Airtightness Influence
One of the key principles of the Passive House methodology is requirement to achieve an
airtightness level of 0.6 air changes per hour (ACH) at 50 pascals of pressure when tested
by a blower door test. The EnerPhit standard allows a relaxation of airtightness
requirements to allow for the intricacies of retrofitting to a level of 1.0 air changes per
hour at 50 Pascals of pressure when tested by a blower door.
The principle is that unwanted air leakage increases the heating demand of the home, this
presents common occupant discomfort from cold draughts. In addition, it is known that
there is a risk this can at times lead to long term problems with the building envelope
where it is repeatedly damaged by the influx of moisture resulting in interstitial
condensation.
Figure 34: Airtightness and indoor radon levels of the certified passive house
sample.
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The average airtightness level in the certified passive house buildings sample is 0.4 ACH.
What stands out in the graph above is the cluster of lower level radon measurements
correlating with corresponding increased airtightness levels. The trendline in Figure 34
also illustrates this. The statistical analysis to establish the correlation coefficient has
found a positive but weak correlation, of the relationship between airtightness and indoor
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radon concentrations, r (95) = 0.34, p = < .05.
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Figure 35: Airtightness levels comparison of average radon level of the certified
passive house Sample.
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The differences between <0.3 ACH and >0.3 ACH are highlighted in
Figure 35 above the results are striking. Out of the sample 56 homes had airtightness
levels >0.3 with an average level of 0.57 ACH with an average radon level of 48 Bq/m3.
The remaining 41 homes with airtightness <0.3 resulted in an average airtightness level
of 0.27 ACH and an average radon level of 21 Bq/m3.
These findings follow reasoning that increased airtightness levels will result in reducing
indoor radon concentrations, however as previously indicated many argue that increased
airtightness levels will result in increased radon and other contaminants within the indoor
air quality spectrum. The results; therefore, are of significance.

6.7 Influence of Construction
The primary materials of construction are of significance in this study, although this
influence of building materials on indoor radon concentrations is recognised, a paucity of
data has been identified as quantitatively representing the structural contribution to
domestic radon levels.
Existing research in this area is clear about the individual materials, for example recent
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studies have identified both concrete and gypsum-based plasterboard as significant radon-

emitters (Kovler, 2012). Others (Gunby et al., 1993) have demonstrated that timber can
significantly reduce what is referred to as structural radon.
The principle contributors to indoor radon concentrations in Ireland and the UK homes
are soil gas emanating from the ground beneath the dwelling and the materials from which
the building is constructed, with further small and negligible contributions arising from
atmospheric background (4 Bq/m3) water and gas supplies (Dowdall et al., 2017).
The difficultly is the interface between ground radon, structural radon, and background
radon within a home. Although much of the existing research present a consistency on
the contributions from structural radon ranging from 10-70 Bq/m3 (Paridaens, De SaintGeorges and Vanmarcke, 2005) or 20-30% of the indoor radon level (Porstendörfer,
2002).
In this study 58 homes are constructed from masonry and the remining 39 are of timber
frame construction. The analysis of the results shown in Figure 36 reveals that the timber
frame sample presented with 18% lower radon concentrations than the masonry result.
This corresponds with previous research (Gunby et al., 1993).
Figure 36: Radon monitoring results analysis of construction materials
contributions.
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Figure 37: Airtightness Radon correlation in Timber Homes.
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The average airtightness level in the timber certified passive house buildings sample is
0.54 ACH. This graph trendline Figure 37 indicates a positive correlation between radon
level and corresponding increased airtightness levels. The statistical analysis to establish
the correlation coefficient produced a weak correlation, of the relationship between
airtightness and indoor radon concentrations, r (37) = 0.24, p = < .05.
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Figure 38: Airtightness Radon correlation in Masonry Homes.
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The average airtightness level in the certified passive house buildings sample is 0.38
ACH. What stands out in the graph above is the cluster of lower level radon measurements
correlating with corresponding increased airtightness levels. The trendline in Figure 38
also illustrates this. The statistical analysis to establish the correlation coefficient has
found a positive but moderate correlation, of the relationship between airtightness and
indoor radon concentrations, r (56) = 0.48, p = < .05.

6.8 Chapter Summary
The data presented of radon measurements completed in a total of 122 houses (97
Certified Passive House, 25 Comparison Houses) give a clearer picture of radon levels in
certified passive house homes. The average annual indoor radon concentration for the
certified passive house dwellings measured was 36 Bq/m3 and the maximum value was
149 Bq/m3. This confirms that, generally these homes exhibit lower indoor radon
concentrations.
Overall, the single most striking observation to emerge from the data comparison was the
distributions of upstairs / downstairs ratios, with all certified passive house buildings
exhibiting values only 6% lower radon levels upstairs compared to previous research
findings of approx. 35%. Distribution ratios of the bedroom/living room radon levels in
the standard two-story homes presented as gaussian (mean 0.79, median 0.74 with a
standard deviation of 0.37). The results of the certified passive house sample are
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anomalous with (mean 1.03, median 0.92 with a standard deviation of 0.56). The observed
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statistical distributions are certainly of significance as they demonstrate the contrast
between the upstairs / downstairs ratios in both classifications.
These results are also consistent with the hypothesis that radon emanating from building
materials plays a role in the actual levels found in the passive house sample. The range of
the sample is between 11-149 Bq/m3 with an average of 36 Bq/m3, levels this low suggest
a significant proportion is from background and structural radon and overall are of
minimal risk to occupants. The distribution ratios also further support the proposal that
the presence of balanced mechanical ventilation with heat recovery reduces the gap
between both floors. These findings are a proxy indicator of effective ventilation
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performance.

7 CASE STUDIES

7.1 Chapter Introduction
The controlled sample consists of known certified passive house dwellings where the
house directly next door was also tested simultaneously. The purpose was to capture any
differences in radon concentrations; many of these are in high risk or elevated risk areas.
The chapter also concludes with the presentation of the EnerPhit subset and an in-depth
analysis of the largest passive house development in Ireland which again compares the
results against the benchmarks.

Figure 39: Comparison Case Study location points on radon risk map of Ireland and
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the UK.
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Table 10: Comparison Case Study Building Characteristics.

Case Study

Building Standard

Construction Materials

Year of Construction

Case Study 1

Passive House

Masonry

Post 1998

Comparison Home

Masonry

Post 1998

Passive House

Timber

Post 1998

Comparison Home

Masonry

Post 1998

Passive House

Masonry

Post 1998

Comparison Home

Masonry

Post 1998

PH EnerPHit

Masonry

Post 1998

Comparison Home

Masonry

Pre 1998

Passive House

Timber

Post 1998

Comparison Home

Masonry

Post 1998

Passive House

Masonry

Post 1998

Comparison Home

Masonry

Post 1998

Passive House

Masonry

Post 1998

Comparison Home

Masonry

Post 1998

Passive House

Masonry

Post 1998

Comparison Home

Masonry

Pre 1998

PH EnerPHit

Masonry

Post 1998

Comparison Home

Masonry

Pre 1998

Passive House

Masonry

Post 1998

Comparison Home

Masonry

Pre 1998

Case Study 2

Case Study 3

Case Study 4

Case Study 5

Case Study 6

Case Study 7

Case Study 8

Case Study 9

Case Study 10

Radon prevention measures in Ireland were introduced in 1998, when all homes built-in
high-risk areas were required to have a radon barrier installed. It is assumed that homes
pre 1998 were constructed without the installation of radon prevention measures installed.
For homes-built post 1998, it is assumed that the homes were constructed with radon
prevention measures installed. This is in alignment with the NRS 2015. In Figure 40
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shows the locations of the sample according to risk.

Figure 40: Passive House Location and Risk Area

Passive House Location and Risk Area
High Risk

Medium Risk

Low Risk

16%

15%

69%

7.2 Case Study 1
The first house in this controlled sample, located in Athenry in County Galway, which is
a known high radon area, more than twenty per cent of the homes in the 10km grid square
are estimated to be above the Reference Level of 200 Bq/m3.
The Certified passive house is a detached home built in 2010 and is of timber frame
construction. The home has an airtightness permeability level of 0.28 ac per hour.
The comparison home is also a detached home-built post 1998 and is of masonry
construction. The home is built to the standard building regulations. The home has a
natural ventilation strategy. Homes built post 1998 have radon preventative measures
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installed.

141

Figure 41: Case Study 1 – Certified Passive house located in Athenry County
Galway.

Figure 42: Radon Monitoring results Case Study 1
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The mean radon level for Galway from 1,213 homes in the 2002 NRS is 112 Bq/m3.
Analysis of the 2015 NRS data produced a mean of 145 Bq/m3 of 45 homes. Figure 42
provides the results obtained from this PhD study. The Passive House recorded results of
15 Bq/m3 in the living room on the ground floor and 17 Bq/m3 in the bedroom on the first
floor. The comparison home next door has more elevated levels (50 Bq/m3 in the living
room and 41Bq/m3 in the bedrooms) in comparison to the passive house, however in
general terms these are also very low levels of radon concentrations. Overall, the passive
house radon level is 65% lower than the house next door. This result is also lower than
the mean for County Galway in both 2002 and 2015 NRS.

7.3 Case Study 2
The second house in this controlled sample, located in Donnycarney, in County Dublin.
In this area between one and five per cent of the homes are estimated to be above the
Reference Level. The Certified passive house is a detached home built in 2016 and is of
masonry construction. The home has an airtightness permeability level of 0.54 ACH. The
comparison home is also a detached home built pre 1998 and is of masonry construction.
The home is built to the standard building regulations. The home is naturally ventilated.
Homes built pre 1998 have are assumed to have a radon barrier installed. Both homes are
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next to each other see Figure 43.
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Figure 43: Case Study 2 – Certified Passive house located in Donnycarney County
Dublin.

Figure 44: Radon Monitoring results Case Study 2
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The mean radon level for Dublin from 155 homes in the 2002 NRS is 73 Bq/m3.
Analysis of the 2015 NRS data produced a mean of 59 Bq/m3 of 154 homes.
Figure 44 provides the results obtained from this study. The Passive House recorded
results of 44 Bq/m3 in the living room on the ground floor and 33 Bq/m3 in the bedroom
on the first floor. The comparison home next door has more elevated levels (55 Bq/m3 in
the living room and 38 Bq/m3 in the bedrooms) in comparison to the passive house,
however in general terms these are also very low levels of radon concentrations. Overall,
the passive house radon level is 18% lower than the house next door. This result is also
lower than the mean for County Dublin in both the 2002 and 2015 NRS.

7.4 Case Study 3
The third house in this controlled sample, located in Delgany Greystones, in north County
Wicklow. In this area between one and five per cent of the homes are estimated to be
above the Reference Level. The Certified passive house is a detached home built in 2011
and is of timber frame construction. The home has an airtightness level of 0.58 ACH. The
comparison home is also a detached home-built post 1998 and is of masonry construction.
The home is built to the standard building regulations. The home is naturally ventilated.
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Homes built post 1998 have radon preventative measures installed.
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Figure 45: Case Study 3 – Certified Passive house located in Delgany near
Greystones County Wicklow.

Figure 46: Radon Monitoring results Case Study 3
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The mean radon level for Wicklow from 185 homes in the 2002 NRS is 131 Bq/m3.
Analysis of the 2015 NRS data produced a mean of 69 Bq/m3 of 25 homes. Figure 46
provides the results obtained from this study. The Passive House recorded results of 21
Bq/m3 in the living room on the ground floor and 21Bq/m3 in the bedroom on the first
floor. The comparison home next door has more elevated levels (40 Bq/m3 in the living
room and 26 Bq/m3 in the bedrooms) in comparison to the passive house, however in
general terms these are also very low levels of radon concentrations. Overall, the passive
house radon level is 32% lower than the house next door. This result is also lower than
the mean for County Wicklow in both the 2002 and 2015 NRS.

7.5 Case Study 4
The fourth house in this controlled sample, located in Blackrock, in County Dublin. In
this area between one and five per cent of the homes are estimated to be above the
Reference Level. The Certified passive house is a semi-detached two-storey dwelling
built in 1960, refurbished and extended to achieve the EnerPHit standard 2012. The home
has an airtightness permeability level of 0.96 ACH. The comparison home is also a semidetached two-storey dwelling built in 1960 located right next door. The home is clearly,
pre 1998 and is of masonry construction. The home is naturally ventilated. Homes built
pre 1998 have no radon preventative measures installed. As this is a semi-detached project
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radon prevention measures where implemented to the party wall between both homes.
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Figure 47: Case Study 4 – Certified Passive house EnerPhit located in Blackrock
County Dublin.

Figure 48: Radon Monitoring results Case Study 4
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The mean radon level for Dublin from 155 homes in the 2002 NRS is 73 Bq/m3. Analysis
of the 2015 NRS data produced a mean of 59 Bq/m3 of 154 homes. Figure 48 provides
the results obtained from this study. The Passive House recorded results of 23 Bq/m3 in
the living room on the ground floor and 23 Bq/m3 in the bedroom on the first floor. The
comparison home next door has more elevated levels (52 Bq/m3 in the living room and
32 Bq/m3 in the bedrooms) in comparison to the passive house, however in general terms
these are also very low levels of radon concentrations. Overall, the passive house radon
level is 46% lower than the house next door. This result is also lower than the mean for
County Dublin in both the 2002 and 2015 NRS.

7.6 Case Study 5
The fifth building in this controlled sample, located in Enniskillen, in County Fermanagh
in Northern Ireland. According to the UK radon map this 1km grid square is in the band
of elevated radon potential. The maximum radon risk is 3-5 %. The Certified passive
house is a located at South West College. The building has an airtightness level of 0.61
ACH. The comparison building is also located at the same college campus. The building
was completed in 2008 and was built to Northern Ireland buildings regulations. The
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building is of masonry construction and is naturally ventilated.
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Figure 49: Case Study 5 – Certified Passive house Campus building located in
County Fermanagh.

Figure 50: Radon Monitoring results Case Study 5
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This building located in County Fermanagh in Northern Ireland and falls under the UK.
The radon in dwellings in Northern Ireland 2009 review defined measurements by local
authority and County Fermanagh Arithmetic average is 56 Bq/m3. Figure 50 provides the
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results obtained from this study. The Passive House recorded results of 50 Bq/m3 on the

ground floor and 24 Bq/m3 in the hall also on the ground floor. The comparison building
is next door and has more elevated levels (110 Bq/m3 on the ground floor and 79 Bq/m3
on the First floor) in comparison to the passive house, however in general terms these are
also very low levels of radon concentrations. Overall, the passive house radon level is
62% lower than the Campus building next door. This result is also lower than the
arithmetic average (56 Bq/m3) for County Fermanagh.

7.7 Case Study 6
The house in this controlled sample, is also located in the UK this time in Preston Springs,
in Layburn North Yorkshire in Northern England. According to the UK Radon map,
some parts of this 1km grid square are in bands of elevated radon potential. The maximum
radon potential is 10-30 %. The Certified passive house is a detached home built in 2018
and is of masonry construction. The home has an airtightness permeability level of 0.3
ACH. The comparison home is also a detached home built pre 1998 and is of masonry
construction. The home is naturally ventilated. Homes built post 1998 have radon
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preventative measures installed.
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Figure 51: Case Study 6 – Certified Passive house located in Layburn in North
Yorkshire England.

Figure 52: Radon Monitoring results Case Study 6
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This building is in Preston Springs in Yorkshire in Northern England. The Public Health
England defined measurements by local authority and Richmondshire Arithmetic average
is 100 Bq/m3. Figure 52 provides the results obtained from this study. The Passive House
recorded figures of 30 Bq/m3 on the ground floor living room and 37 Bq/m3 in the upstairs
bedroom. The comparison building is next door and has more elevated levels (127 Bq/m3
on the ground floor and 108 Bq/m3 on the First floor) in comparison to the passive house,
these results are in alignment with the Public Health England data for the postcode area.
Overall, the passive house radon level is 71% lower than the house next door. This result
is also lower than the arithmetic average for Richmondshire.

7.8 Case Study 7
The Seventh house in this controlled sample, located in Magheraveely, in County
Fermanagh in Northern Ireland. According to the UK Radon map some parts of this 1km
grid square are in bands of elevated radon potential. The maximum radon potential is 510 %. The Certified passive house is an old schoolhouse built in the early 1960s,
refurbished and extended to achieve the EnerPHit standard 2014. The home has an
airtightness level of 0.70 ACH. The comparison home is also a detached two-storey
dwelling built in 1990s located in proximity. The home is of masonry construction. The
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home is naturally ventilated.
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Figure 53: Case Study 7 – Certified Passive house EnerPhit located in County
Fermanagh.

Figure 54: Radon Monitoring results Case Study 7
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This building located in County Fermanagh in Northern Ireland and falls under the UK.
The radon in dwellings in Northern Ireland 2009 review defined measurements by local
authority and County Fermanagh Arithmetic average is 56 Bq/m3. Figure 54 provides the
results obtained from this study. The Passive House recorded figures of 23 Bq/m3 on the
ground floor and 16 Bq/m3 in the hall also on the ground floor. The comparison building
is next door and has more elevated levels (82 Bq/m3 on the ground floor and 33 Bq/m3 on
the first floor) in comparison to the passive house, however in general terms these are
also very low levels of radon concentrations. Overall, the passive house radon level is
66% lower than the house next door. This result is also lower than the arithmetic average
for County Fermanagh.

7.9 Case Study 8
The Eighth house in this controlled sample, located in Rockbarton, in Salthill County
Galway. In this area between twenty per cent of the homes in this 10km grid square are
estimated to be above the Reference Level, which is the Highest Radon Area. The
Certified passive house is a detached house built in 2012. The home has an airtightness
level of 0.60 ACH. The comparison home is also a detached two-storey dwelling built in
1990s located in proximity. The home is of masonry construction and is naturally
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ventilated.
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Figure 55: Case Study 8 – Certified Passive house located in Salthill County Galway.

Figure 56: Radon Monitoring results Case Study 8
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The mean radon level for Galway from 1,213 homes in the 2002 NRS is 112 Bq/m3.
Analysis of the 2015 NRS data produced a mean of 145 Bq/m3 of 45 homes. Figure 56
provides the results obtained from this study. The Passive House recorded figures of 73
Bq/m3 in the living room on the ground floor and 47 Bq/m3 in the bedroom on the first
floor. The comparison home next door has recorded some very high radon levels much
higher than the acceptable reference level (437 Bq/m3 in the living room and 632Bq/m3
in the bedrooms) in comparison to the passive house. The location of these properties is
in an area with a significant radon risk, so the high levels found in the comparison sample
were expected. Overall, the passive house radon level is 89% lower than the house next
door. This result is also lower than the mean for County Galway in both 2002 and 2015
NRS.

7.10 Case Study 9
The Ninth house in this controlled sample, is also located, in Salthill County Galway. In
this area twenty per cent of the homes in this 10km grid square are estimated to be above
the Reference Level. This is a highest radon risk area. The Certified passive house is a
semi-detached house built in 1970. In 2014, a full passive house retrofit with small porch
extension to south elevation was completed. The home has an airtightness level of 0.40
ACH. The comparison home is also a semi-detached two-storey dwelling built in 1970s
located next door. The home is of masonry construction and is naturally ventilated. As
this is a semi-detached project radon prevention measures where implemented to the party
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wall between both homes.
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Figure 57: Case Study 9 – Certified Passive house EnerPhit located in Salthill
County Galway.

Figure 58: Radon Monitoring results Case Study 9
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The mean radon level for Galway from 1,213 homes in the 2002 NRS is 112 Bq/m3.
Analysis of the 2015 NRS data produced a mean of 145 Bq/m3 of 45 homes.
Figure 58 provides the results obtained from this study. The Passive House recorded
results of 209 Bq/m3 in the living room on the ground floor and 100 Bq/m3 in the bedroom
on the first floor. The comparison home next door has recorded some very high radon
levels much higher than the acceptable reference level (539 Bq/m3 in the living room and
191 Bq/m3 in the bedrooms) in comparison to the passive house. In is again worth
highlighting that this is the highest radon risk area on the predicted risk map. Overall, the
passive house radon level is 60% lower than the house next door. This result is also
slightly higher than the mean for County Galway in both 2002 and 2015 NRS, however
this variability can be accounted for because of the House being a retrofit located in a
high-risk area. It does not exceed the national reference level of 200 Bq/m3.

7.11 Case Study 10
The Final house in this controlled sample, located in Skibbereen, in County Cork. In this
area between ten and twenty per cent of the homes in this 10km grid square are estimated
to be above the Reference Level. This is a High Radon Area. The Certified passive house
is a detached house built in 2014. The home has an airtightness level of 0.59 ACH. The
comparison home is also a detached two-storey dwelling built in pre 1998 located in
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proximity. The home is of stone masonry construction. The home is naturally ventilated.
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Figure 59: Case Study 10 – Certified Passive house located in Skibbereen, in County
Cork.

Figure 60: Radon Monitoring results Case Study 10
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The mean radon level for Cork from 1,211 homes in the 2002 NRS is 76 Bq/m3. Analysis
of the 2015 NRS data produced a mean of 81 Bq/m3 of 66 homes. Figure 60 provides the
results obtained from this study. The Passive House recorded results of 36 Bq/m3 in the
living room on the ground floor and 29Bq/m3 in the bedroom on the first floor. The
comparison home next door has elevated levels (138 Bq/m3 in the living room and 46
Bq/m3 in the bedrooms) in comparison to the passive house, however in general terms
these are also very low levels of radon concentrations. Overall, the passive house radon
level is 64% lower than the house next door. This result is also lower than the mean for
County Cork in both the 2002 and 2015 NRS.

7.12 Case Study – Summary
The examination of these case studies strengthens the hypothesis that certified passive
house buildings present with lower radon levels. Across these ten cases studies there was
a range from 18% - 89% lower radon level in contrast to the house next door. The average
was 57% lower radon in the case study sample. This case study sample also includes
homes in high risk area and retrofit projects to capture a spread of situations. It is accepted
that case to case variability exists from door to door with radon levels, but in this case the
size of the sample and depth of analysis against previous data allows the conclusion that
there is positive correlation found in this study between passive house and low radon
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concentrations.
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Figure 61: Overall Case Study Summary of Certified Passive house vs Direct
Comparison homes.
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7.13 EnerPhit Subset Sample.
Within the 97 Certified Passive House buildings monitored for indoor radon
concentrations five of them are Certified EnerPhit (retrofit buildings to the Passive House
standard). These five buildings are significantly different in characteristics thus are
presented below in Figure 62.

Figure 62: Overall Case Study Summary of Certified Passive house EnerPhit Radon
Levels.
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From Figure 62 above, none of the radon concentration averages for the five EnerPhit
dwellings exceed the national reference level of 200 Bq/m3. The average across the five
was 72 Bq/m3 again below both the Action level and Target Levels. It is also below the
national average of 77 Bq/m3. This sample is significant as there is significant research
exploring the relationship between energy efficient retrofit and radon levels.
Very early indicators from this research suggest that some energy efficient retrofit
measures can increase indoor radon concentrations. This is where the distinction of the
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passive house methodology provides differentiation from other solutions for retrofitting.
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7.14 Silken Park
Silken Park located in the South Dublin is the currently the largest certified passive house
development in Ireland. The development started in 2007 with phase one, which
incorporated 22 apartments and 33 houses. These were built to the 2002 building
regulations in the Republic of Ireland and the corresponding energy performance
standards under building regulations at the time. This meant no provision of airtightness
and all homes employed natural ventilation strategies.

Figure 63: Silken Park the largest Certified Passive house development (59) in
Ireland.

Phase 2 of this development includes a mix of terrace and end of terrace homes amounting
to 15 houses. These homes, each of which boasts highly insulated, single leaf walls,
airtightness levels close to passive house levels, and employs demand-controlled
ventilation systems. The project had an airtightness target of under 2.0 ACH at 50Pa
however, nine of the homes came achieved a result less than 0.534 ACH at 50Pa, and the
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highest recorded result was 0.812 ACH at 50Pa.

Figure 64: Silken Park Map of the largest Certified Passive house development (59)
in Ireland.

Phase 3 of the development, consisting of a mix of terrace, semi-detached and detached
houses. This amounts to 59 certified passive house buildings. These homes, all
incorporate the five principles of the passive house methodology to achieve certification.
External insulated walls, the elimination of thermal bridging, passive certified windows,
outstanding airtightness levels of 0.2 – 0.29 ACH at 50Pa and mechanical heat recovery
ventilation.
Figure 65: Silken Park Radon Monitoring Results of the Certified Passive house
development.
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In this PhD study, 31 of the 59 Certified passive house buildings were monitored. The
results of the correlational analysis of these homes are shown in Figure 65 above, again
the passive house sample presents with decreased levels (20 Bq/m3 v 43 Bq/m3 – 54%
lower indoor radon) then finally the EPA Grid 3022 sample average was 64 Bq/m3 which
means the passive house sample 69% lower. The range of results for the Silken Park PH
is 12 Bq/m3 - 57 Bq/m3, Silken Park P2 is 21 Bq/m3 - 69 Bq/m3 and EPA Grid 3022 is 14
Bq/m3 - 149 Bq/m3.

Table 11: Comparison of radon distribution ratios in the correlational analysis.
Study

No of Samples

Mean Ratio

Median Ratio

Standard Deviation

Silken Park PH

31

0.99

0.95

0.29

Silken Park P2

14

0.75

0.70

0.21

EPA Grid 3022

11

0.89

0.81

0.43

Distribution ratios shown in Table 11 of the bedroom/living room radon levels in the
individual two storey properties in the EPA gird 3022 from the NRS 2015 presented again
as gaussian (mean 0.89, median 0.81, range 0.40-1.65) with a standard deviation of 0.43
all left skewed. The mean is broadly consistent with the overall analysis of the NRS 2015
which was presented in Table 9. The variability exists principally on the characteristics
of the property, and not on seasonal factors. As outlined previously in the last chapter
bungalows, single-storey dwellings in which both living-room and bedroom are situated
in the ground floor, the bedroom and living room radon concentrations being essentially
equal.
Again, the results of the Silken Park analysis provide consolidation with the passive house
data being in sharp contrast between downstairs and upstairs radon concentrations.
Distribution of the ratios of bedroom/living-room radon levels in individual properties in
Silken park subset are again significantly anomalous with (mean 0.99, median 0.95, range
0.52 – 1.47) with a standard deviation of 0.29.
The third subset in this analysis was the Silken Park phase 2 which are dwellings built to
a high standard with Demand Controlled Ventilation (DCV) and airtightness levels to that
of passive house (0.5-0.8 ACH). Distribution of the ratios of bedroom/living-room radon
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levels in these Phase 2 properties presented again as gaussian (mean 0.75, median 0.70,

range 0.46 – 1.21) with a standard deviation of 0.21. This indicates this subset also falls
in line with the results of the NRS 2015 and the EPA grid 3022 analysis. The value of
this further analysis via in depth case study, is that airtightness may not be the differential
but that it indicates the influence of a Balanced MVHR system on the radon distribution
between floors.

Figure 66: Radon distribution average comparison in Silken Park.
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The radon concentrations were also measured both upstairs and downstairs in the 31
buildings in Silken Park this was also cross referenced with the Phase 2 dwellings and the
corresponding grid (3022) from the NRS 2015. This analysis found the radon levels in
bedrooms to be 31% lower to the living room radon level in the EPA grid 3022. Thus,
consistent with the generally accepted figure of 35% found in previous research and
overall NRS analysis of 33% which was discussed earlier in the chapter. In the Silken
Park Passive House sample, the radon concentrations measured between both floors
tested, interestingly found that levels were only 3% lower on the first-floor bedrooms
compared to ground floor living rooms. Indeed, many properties have been identified in
which the mean bedroom radon concentration is greater than the living-room value. These
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results are consistent with the rest of the study.
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7.15 Chapter Summary
This chapter builds on the presentation of results in the previous chapter. Despite the
known case to case variability that exists with radon levels in neighbouring dwellings.
This comparative analysis of both the 10 chosen situations coupled with Silken Park
present a coherent result that certified passive house dwellings presenting with reduced
radon levels. The Enerphit sample also augment this further with similar findings,
however, is acknowledged that it is a small sample. These results provide appear to
provide confirmation that passive house is effective at mitigating indoor radon
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concentrations.

8 DISCUSSION

8.1 Chapter Introduction
This chapter critically examines the findings of the study considering existing knowledge
and research in the field, evaluating their significance and relevance. The discussion
chapter is structured utilising a comparative framework, which evolved from the case
study findings. This framework synthesised and deduced the results from the overall
measurement results along with the case studies and organised them into the following
five distinct, sequential themes; 1) Comparison against benchmarks 2) Radon
Distribution analysis 3) Case Study analysis 4) EnerPhit 5) Materials Comparison

8.2 Research questions
The main aim of this research study was to understand the relationship between the
attributes of certified passive house building standards and their impact on indoor radon
concentration levels. The approach to this was to test the indoor radon concentrations in
as many certified passive house buildings as possible within the capacity of the researcher
and the timeframe of the project.

The following research questions were outlined in the introduction


Is there a correlation between domestic buildings built to the certified passive
house standard and lower indoor radon concentrations? And if so, what is the
difference against the local regional and national levels?



Does the influence of mechanical heat recovery ventilation have any effect on
radon distribution between upstairs and downstairs?



Is there a correlation between the construction type (material) and the indoor
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radon concentrations?
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Is there a similar correlation in the indoor radon concentrations with the passive
house retrofit standard “EnerPHit” / Passive House refurbishment buildings and
the certified new build passive house buildings?



What is difference in indoor radon concentrations between the certified passive
house buildings and buildings built to comply with the building regulations, that
are directly monitored in the high-risk radon locations in the case study sample?

8.3 Comparison against Benchmarks
To reach the objectives of the study the testing and monitoring procedures used directly
corresponded with previous surveys to allow the ability to be able to compare the results
against pre-determined reference metrics. This facilitates the comparison of primary and
secondary data.
The radon testing was carried out on 97 Certified passive house buildings. The average
radon concentration in the entire sample was 36 Bq/m3 which is 54% lower than the
national average and a 60% lower than the comparison sample. The Certified Passive
House sample incorporated 5 Enerphit buildings the average measurements of these five
buildings was 72 Bq/m3 which is 7% below the national average. The remaining 92
Certified Buildings had an average of 34 Bq/m3. These results compare favourably
against the individual benchmarks which are relevant to this study. The research has the
unique distinction of having measurements carried out in three different jurisdictions in
Ireland, Northern Ireland, and Great Britain.
The Irish subset consists of 77 homes the with an average of 35 Bq/m3, the Northern
Ireland sample of six has an average of 60 Bq /m3, then finally the GB sample of 14 homes
had an average of 32 Bq/m3.
These results all support the hypothesis that certified passive house buildings present with
lower indoor radon concentrations. The results of this study are broadly in agreement with
the small amount of similar research carried out in other EU Countries, however this
provides higher statistical confidence. The average of 36 Bq/m3, falls below all other
comparable reference levels and is aligned with the “as low as reasonably achievable”
(ALARA) principle. For perspective, outdoor radon levels are varied but average between
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5-15 Bq/m3 (atmospheric radon) if coupled with background radon from water and

materials and the average of 36 Bq/m3 is almost accounted for, this is an opportunity for
further research.
It is the combination of three elements to reduce the indoor radon concentrations: the
defined airtight envelope which is actually measured on site, second the influence of
balanced mechanical heat recovery ventilation with the cross flow principle and then
finally it is the quality assurance framework which is such a fundamental impact on the
energy performance of certified passive house buildings. The evidence found from this
study is significant against the backdrop of incoming new standards in the form of nZEB
mandated by the EBPD which is due to start on the start of 2021.

8.4 Radon Distribution Analysis
One of the most unexpected findings to emerge from the radon testing was radon
distribution between upstairs and downstairs this sample produced a much different ratio
than other studies with respect to upstairs downstairs levels. The passive house sample
exhibited a much closer ratio in contrast to national studies. This finding can be attributed
to a combination of the crossflow principle and quality assurance framework that is
integral to passive house certification and in this context specially the criteria for design,
installation, and commissioning of Mechanical heat recovery ventilation MVHR systems.
All but one of the homes in the certified passive house sample are two storey low rise
dwellings. It is assumed that levels of radon are intrinsically lower on upper floors in
contrast to downstairs floors. The main source of radon in homes is typically from the
underlying soil. In addition, radon is heavier than air, so levels of radon measured in first
floor rooms are generally lower than ground floor rooms.
The most novel and original finding to emerge from this study is the striking difference
in radon distribution between the floors, once examined against the corresponding
secondary data. There is very little research available on this topic, however the research
that was found indicated (Denman et al., 2006b), (Wrixon et al., 1988) that radon levels
on first floor are typically 35% of the ground floor. This was confirmed with analysis of
the secondary data alone which produced a figure of 33% for a sample of 344 homes. The
corresponding analysis of the primary data on the passive house sample produced a figure
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of 6%, meaning the first-floor levels where only 6% for the ground floor.
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These findings are presented in the form of distribution ratios in Table 12 of the
bedroom/living room radon levels in the standard two-story homes presented as gaussian
distribution (mean 0.79, median 0.74 with a standard deviation of 0.37). The results of
the certified passive house sample are significantly anomalous (mean 1.03, median 0.92
with a standard deviation of 0.56).

Table 12 : Radon distribution results comparing the passive house sample tested in
this study against the EPA NRS 2015.
Study

No of Samples

Mean Ratio

Median Ratio

Standard Deviation

National Radon Study

344

0.79

0.74

0.37

Passive House Study

97

1.03

0.92

0.56

Figure 67 below illustrates the results of comparative analysis of downstairs upstairs
radon concentrations between this research and the national radon survey.

Figure 67: Radon monitoring results Distribution Average
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The radon distribution results indicate that the passive house framework for quality
assurance of the design, installation, and system commissioning promote a well-
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functioning MVHR system. To ensure excellent air distribution in each room in a

dwelling, it is important both to select, and to locate air distribution valves correctly. The
passive house methodology sets out a clear guidance on the air distribution
characteristics.
The general principle, MVHR systems rely on the “cascade effect” or the crossflow
principle, to ventilate circulation areas. This is where air moves from supply to extract
points through the building, thus avoiding the need, usually, for supply air points in
hallways, landings, etc. To do this air transfer between all ventilated rooms is essential,
and this is normally done by providing a 10mm undercut beneath internal doors, although
the exact amount can be calculated according to the designed air transfer rates.
The radon distribution results are interesting and novel in that they presented with a much
lower ratio between upstairs and downstairs. The observed correlation between upstairs
and downstairs might be explained in this way: The passive house standard employs the
crossflow principle for mechanical ventilation design which allows circulation and air
transfer throughout the building thus redistributing radon concentrations. These results
are in sharp contrast to the limited available research on radon distribution between floors.
In the Passive House certification framework, the air transfer strategy is checked to ensure
certification.
Another possible explanation for this more uniform distribution ratio is the role of floor
plan configuration; under the ventilation design methodology in passive house, there will
often be more extract than supply on the ground floor and indeed the opposite on the first
floor. This is primarily because all bedrooms are supply air rooms and in a typical two
storey dwelling the larger percentage of bedrooms are located upstairs. This suggestion
will also contribute to a lower distribution ratio between floors.

8.5 Case studies analysis
Findings from the case studies revealed a clear and coherent contrast in the indoor radon
concentrations between the certified passive house levels and the adjacent dwellings
which are all located in elevated radon risk areas. These results strengthen the premise
that certified passive house result in lower radon concentrations. In addition, perhaps an
interesting finding as the passive house sample demonstrated minimal variance and this
confronts the long-accepted view that neighbouring homes very often present with

Word Template by Friedman & Morgan 2014

different radon levels.
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The research also provided an overview of the various mechanical ventilation systems
which are now prevalent with the growth in energy efficient buildings. The essence of the
discussion centres around the pressure differentials which can be induced with the various
systems and the corresponding influence on indoor radon concentrations. The
establishment of these issues are novel and significant. For instance, there is antidotally
a high proliferation of positive input ventilation systems. Simple analysis of the Building
Energy rating (BER) database informs us there is a trend toward whole house extract
ventilation systems accounting for approx. 30% in current new build. Both these systems
can exert positive and induce negative pressure on the building envelope. This
information is provided to accentuate the obligation for future research in this space.
The ten case studies consolidate the main finding with these direct comparative testing of
the adjacent buildings all located in an elevated risk area. In all ten situations the result
was that the passive house presented with an average 56% lower radon concentration
ranging from 18-89% lower radon levels. The key and fundamental difference is that the
comparison homes were all naturally ventilated and were not constructed with any
attention to airtightness.
The Silken Park case study is also relevant and significant because it provides 3 tiers of
dwellings which are currently representative of the market. Tier 1 the standard average
house i.e. Grid 3022 with an average of 63 Bq/m3, then Tier 2 which is typical of new
build construction i.e. with an average of 43 Bq/m3 and then finally the passive house
standard i.e. Silken Park has an average of 20 Bq/m3. In comparison the passive house
sample is presenting with 54% less radon against the phase two construction and 64%
reduction against the standard construction in EPA grid 3022.

8.6 Influence of Construction materials
The study also revealed interesting issues with the role and influence of radon emanation
from building materials. There is a correlation between lower indoor radon results and
the upstairs / downstairs median ratios, indicating potentially a greater influence of radon
emanation from the construction materials rather than traditional diffusion from the
ground floor. Although based on limited monitoring data, this work contributes to
existing knowledge in the field and could therefore serve as a base for future large-scale
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studies.

The comparison of the construction materials did result in two differentials. The timber
sample yielded a lower radon concentration of 32 Bq/m3 compared to 38 Bq/m3 in the
masonry sample. There was also a difference in radon distribution both floors had an
average of 29 Bq/m3 in the timber sample compared to 40 Bq/m3 on the ground floor and
36 Bq/m3 on the first floor in the masonry sample. This represents a 18% reduction in
radon concentrations in the timber sample against the masonry sample. It is reported in
previous literature (Gunby et al., 1993), (Denman et al., 2006b) that masonry construction
materials will emit and contribute to the background radon in a building. The
concentrations found in this study are low and in line with the (ALARA) principle and
thus fall into the range of previously reported thresholds 20 Bq/m3 for radon emanation
from building materials. This would indicate that the specific airtightness level required
for passive house is providing mitigation from the ingress of radon from the ground. In
could be suggested that the remaining radon proportion is from atmospheric radon levels
5-15 Bq/m3.
The results found in this study are of interest and correspond with previous research.
However, it was beyond the scope of this research to yield specific results of statistical
significance. This area of research will gain more importance with the recent introduction
of EU Council directive 2013/59/EURATOM mandating values of radon exhalation in
building materials.

8.7 EnerPHit Analysis
The final research finding provided a subset sample of the homes retrofitted to the
EnerPHit standard. EnerPHit is quality approved energy retrofit with passive house
methodology and quality framework. Previous studies have found that some retrofitting
measures have resulted in increased radon levels (Long and Smyth, 2015). The findings
of this study however revealed an average of 72 Bq/m3 across the subset which was still
a lower level than the comparison sample measured in this study 88 Bq/m3 and the figures
recorded in the last National Radon Survey (NRS) 77 Bq/m3. This was consolidated with
the evidence from this study with positive findings within the case studies. Three out of
the 10 case studies were also EnerPhit these three presented with 46%,60% and 66%
reductions with the adjacent house. The findings of one semi-detached house
configuration which included an EnerPHit retrofit to one home, produced results with a
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sharp contrast. The radon level in the EnerPHit house was recorded at 166 Bq/m3 with the
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adjacent home at 409 Bq/m3 in a known high geogenic risk area. Given the climate change
imperative and the scale of retrofitting required within the built environment. These
results are pertinent to the route of quality assured retrofit at scale. This suggests that the
passive house standard for retrofit will also act as an effective control for radon. It must
be noted, however, that this must be treated with caution as the number of EnerPHit
homes measured (five) is very low, however it does indicate further evidence of best
practice with the quality assurance provided within the Passive House methodology.
The results of this study are broadly in agreement with the simulation study of pre-/postretrofit scenarios reported by (McGrath and Byrne, 2015). This research interrogated
various retrofit scenarios via a computational framework based on air permeability and
purpose provided ventilation. The main findings captured temporal and spatial variations
in radon concentrations. The results of this study provide some evidence to help explain
the dynamic radon increases and decreases observed in the simulation produced in the
UNVEIL (The UNderstanding VEntilation and Radon in energy efficient buildings in
IreLand) project.

8.8 Chapter Summary
This chapter discussed the key findings from the study which is the first of its type in
Ireland and the UK. This chapter underlines the paucity of existing research in this space.
The findings also provide confirmation and statistical confidence to previous pilot studies
carried out in Europe with much smaller sample size. This illustrates the contribution to
knowledge and provides evidence for the knowledge gap identified explicitly by
Environmental Protection Agency knowledge gaps paper. A summary of the key findings,
recommendations and implications for research, policy and practice are provided in the
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following chapter.

9 CONCLUSION

9.1 Chapter Introduction
This chapter presents a summary of the research followed by a synthesized presentation
of the main findings, the implications for policy and practice followed by the important
recommendations for various sub sections of the sector. The study limitations are
outlined, and future research needs identified. The chapter closes with an account of the
contribution to research, closing remarks and a personal reflection.

9.2 Summary of Research
Chapter one contextualised the study, followed by an outline of the climate change and
the future role of energy efficient buildings in mitigation. A detailed comprehensive
description of the Passive House standard then followed. The effect of passive house
principles (including increased levels of airtightness, mechanical ventilation systems and
quality assurance framework of passive house certification) was reviewed in Chapter 2.
Chapter 3 was concerned with the potential implications of the ‘controlled’ and
‘uncontrolled’ ventilation strategies, with a focus on Mechanical Heat Recovery
Ventilation. This was then followed by a review of radon in Chapter 4, including a
discussion of the prevention, mitigation and potential effects of passive house buildings
coupled with a comprehensive overview of relevant research. An account of the study
methodology, ethical considerations and research limitations was presented in Chapter 5.
The subsequent results chapters were sub-divided in two. First, a comprehensive
presentation of the results which included comparison of the primary data with secondary
data in the form of specific results from the national radon survey. The second chapter of
the results (Chapters 6, and 7) was the presentation of 10 cross comparison case studies,
including a description of each of the case study housing projects this chapter assimilated
the findings from the investigations of certified passive houses with a direct comparison
homes located in know elevated risk areas. The results were then discussed in Chapter 8.
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The main findings are now summarised below.
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9.3 Main Findings
The main findings of this study, based on the results of monitoring are as follows:
a) The overall monitoring results support the hypothesis outlined at the start of this study
that certified Passive House buildings perform better in respect to indoor radon
concentrations 36 Bq/m3 compared to conventional homes 88 Bq/m3 (60% reduction)
given less airtightness and no MVHR systems. When compared against secondary
data from the national radon survey a 54% reduction was found. 93% of the certified
sample also had levels below the WHO recommended 100 Bq/m3 satisfying the
ALARA principle. The case study dwellings located in the geogenic high-risk areas,
which presented elevated concentrations in the standard homes compared directly
with the ten passive house buildings, further consolidate this narrative. These findings
are generally compatible with those of previous radon studies in passive house
buildings, including (Poffijn et al., 2012), (Uhling, 2010) and (Ringer et al., 2012)
but this research adds statistical confidence with that much larger sample used here.
b) The uniform distribution levels found between floors in this research are novel and
original these findings can be attributed to the combination of three elements, the
passive house framework for quality assurance of the design, installation and
commissioning delivers design performance of MVHR systems. Secondly the cross
flow principle employed by the passive house standard facilitates air movement by
design including between floors and thus will the uniform distribution ratios found
are logical and even more so when the final element is considered the typical ground
floor and first floor configuration are consistent. There will typically be more
bedrooms on the upper floor and in turn the more supply airflow with MVHR and the
more extract air flow for the ground floor thus reducing the ground floor radon level
and lowering the distribution gap.
c) The findings of the analysis of construction type and the recorded indoor radon
concentrations revealed an 18% lower level in timber construction against masonry
construction. This as outlined through the study is of interest as more attention is
being given to the emanation of radon from building materials. The very low levels
exhibited in the results (11% lower than outdoor levels and 80% below 45Bq/m3)
there could be a suggestion that with the certified passive house buildings being so
airtight that these low levels could be attributed to an accumulation of background
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atmospheric and building materials emanation.

d) Together these results provide important insights into the influence of airtightness.
One of the key principles of the Passive House methodology is a requirement to
achieve specific airtightness levels. The results found 44% drop between 0.3 to 0.6
ACH per hour. This illustrates the strength of the quality assurance framework and
the combination of all the Passive House principles being implemented in tandem.
e) Finally, the EnerPHit sample presents lower indoor radon concentrations. It is
acknowledged that the number of houses investigated was very small, and the results
should be treated with caution; however, they correlate with results in similar pilot
studies. The EnerPhit sample also was found to have a 7% lower average than the
national average and 18% lower than the average comparison sample measured in this
study.

9.4 Implications for Policy

9.4.1 External Stakeholders
External stakeholders are those indirectly associated with a project, but not directly
involved in the project. These include national and local government, public utilities,
licensing and inspecting organisations, technical institutions, professional bodies.
The findings from this study support the transformation of current building standards and
policies towards nZEB. The measuring of performance should be prioritised in the
development of policy to establish a tradition of quality control, performance evaluation
and appraisal of building projects post-completion.
This approach will inform and address the performance gap, both in terms of energy and
indoor environmental quality. There is a significant need for an improved understanding
of the interplay of the key principles to achieve clear performance criteria. The potential
introduction of measures like detailed post occupancy monitoring or evaluation coupled
with defined penalties for non-compliance in building contracts for low energy building
projects, particularly where novel technologies are employed will ensure a dramatic
change in the culture of the industry.
An interesting model for policy consideration is the adaption of passive house institute
low energy standard for buildings, the standard provides the same quality assurance
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framework as the full certified passive house classification, however there is a relaxation
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in the target metrics which might appease those who express reluctance or have
reservations within the construction industry.
One of the issues that emerges from these findings is the need to address the array of
mechanical ventilation systems the associated risk factors concerning the incorrect
application of these systems in a domestic context. MVHR and Demand controlled
ventilation systems represent best practice because they are balanced systems. Positive
input ventilation will exert positive pressure and whole house extract will induce negative
pressure then finally; natural ventilation will apply both based on the weather and
corresponding wind speeds. With respect to MVHR which is the system within the
passive house methodology, still requires attention to aspects such as occupant operation,
maintenance, and installation standards. A key policy priority therefore should be to
improve the delivery of MVHR systems in Ireland and the UK construction sector,
adaptation of the quality criteria within the passive house guidance on ventilation and
increased independent training separate of the manufacturers.

9.4.2 Direct Stakeholders
Direct stakeholders are those directly associated or involved in a project. These include
the client, project sponsor, project manager, members of the project team, technical and
financial services providers, internal or external consultants, material and equipment
suppliers, site personnel, contractors, and subcontractors as well as end users.
The significant body of literature highlighting the poor performance gap in buildings,
reinforced for years by various government reports, demonstrates the issues in the sector.
This present study underlines that the passive house standard offers a solution, the success
of this standard in producing high performance buildings lies in the adaptation of the five
principles. (1. Insulation, (2. Thermal Bridging, (3. Triple Glazed Windows and
Orientation (4. Specific Airtightness and (5. Balanced Mechanical Heat Recovery
Ventilation.
Far too often in many low energy or energy efficient projects that have produced negative
outcomes the common error is the adaptation of some of these principles but critically not
all of them. Thus lies the differentiation in performance as demonstrated by a host of
studies (Ridley et al., 2013b),(Schnieders, 2003), (Colclough, Hewitt and Griffiths, 2017)
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and (Siddall, 2015)

A key policy priority for direct stakeholders should be to address risk factors concerning
the practical application of the spectrum of mechanical ventilation systems in a domestic
context, such as occupant operation, maintenance, and installation standards, and ensure
mitigating radon and interstitial condensation factors.

9.5 Implications for Practice

9.5.1 Construction Professionals
Among built environment professionals, there is still a need to address the gap between
building services and architectural design, the requirement of continued education in this
space cannot be overstated. There is still a school of thought that believes that it is
dangerous to make a building too airtight, or that the ‘natural’ ventilation generated by a
leakier construction or enough holes-in-the-wall will be enough to offset the need for any
kind of mechanical ventilation, (and by extension, the need to meet more stringent
airtightness standards). An in-depth knowledge of the five principles is the core issue,
there is a clear rational for this and for them to be taught together rather than in isolation.
For example, ventilation on its own is extraneous without an understanding of why the
envelope is made airtight, the entire concept is predicated on this holistic approach. The
main findings of this research support this view.

9.5.2 Construction Trades
Overall, the findings from this study highlight a definite need for the adequate
consideration of the installation, maintenance and service requirements of MVHR
systems during the design stage, the specifications of MVHR system which are certified
passive house components are worth advocating to practice. These systems must have
75% of higher energy efficiency and must not consume more than 0.45 Wh/m³ then
finally; they cannot exceed 25dB of noise. These should be the minimum requirements
for all MVHR systems. The clear methodology which is provided for the design,
installation and commissioning is also valuable and this is already open source and
available to the industry. The application of this methodology will provide hygiene
ventilation of 30m³ per hour per person. It is this methodology which delivers high
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performance and in turn lower radon concentrations.
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9.5.3 Building Occupants
Improvements to the operation of control strategies for MVHR systems is required, to
facilitate and promote occupant use and engagement. New occupants of any
house/building should be provided with information about the property on at least three
levels: Emergency, maintaining comfort, and how to get the most out of their property.
This is a key link in the chain to maximising performance.

9.5.4 Industry Education
Knowledge and awareness within the sector are still not coherent. Further work needs to
be done to translate knowledge generated from research like this to the direct
stakeholders, which could be achieved for example through the development of research
networks, training schools and/or knowledge exchange programmes.

9.5.5 Building Control
Building control have an opportunity in the current transition of the building standards to
implement effective culture change within the sector. For example, the application of the
higher grade F9 filter should be used once the buildings location is cross referenced with
the relevant radon risk maps or if there is an apprehension about radon. This filter will
not unduly affect the duct pressure flows and is still economical. Then considering the
global Covid 19 pandemic systems such as balanced MVHR will be an excellent
alternative to air recirculation systems (Lu et al., 2020), (Feist, 2020).

9.6 Recommendations

9.6.1 Five principles
The recommendations to emerge from this research are clear and bold. The general
recommendation to present is that there are five principles to the passive house standard,
and these have been outlined all the way through this thesis. What is fundamental to
understand, is that all five are required to be implemented for effective high performance.
The literature review revealed that, many of the failures to deliver performance and with
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respect to energy efficiency arise from only some of these principles being implemented.

Future iterations to building regulations must incorporate progression on all five areas to
reduce to scope for failure.

9.6.2 Quality Framework
The framework inherent to the certified passive house standard is a pillar to the
performance levels seen in many studies. The framework consists of the training and the
mechanisms which are installed in a clear methodology of quality assurance. Also, within
the framework is the certified passive house components database which provides a menu
of over 1000 products suitable of use in a certified passive house.

9.6.3 Airtightness
A general recommendation is the promotion of appointing an ‘airtightness champion’ as
this is a good way of ensuring that site operatives remain aware of the importance of the
airtight barrier throughout the build. The ‘airtightness champion’ would be responsible
for maintaining the integrity of the airtight barrier throughout the project and reporting
any issues back to the design team and project manager. This airtightness champion role
should be someone who would be on site throughout the project, but also critically not
the Project Manager or Clerk of Works as their time is often taken up with administrative
tasks. The establishment of new roles such as this is something the industry must embrace
to deliver high performance buildings. Higher levels of airtightness could also be pursued
in known geogenic risk areas.

9.6.4 Balanced Ventilation
The confirmation of the hypothesis that certified passive house standard dwellings reduce
indoor radon concentrations is ascribed to the role of an airtight building envelope which
will mitigate the ingress of radon gas and secondly the dilution of indoor air from the
consistent delivery of fresh filtered air provided by the balanced mechanical heat recovery
unit. This thesis also presented a risk matrix (inc. radon) which included the risk of
pressure differentials induced from the spectrum of various ventilation systems. This
concept is illustrating the neutral impact of a balanced MVHR system based on
corresponding pressure differentials.

9.6.5 Commissioning
At commissioning stage, the recommendation is to balance the system with a slight
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positive pressure (<3%). This will reduce the potential of any radon ingress through the
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envelope and at a pressure less than 3% will reduce any risk of interstitial condensation.
The final recommendation is the replacement of the F7 (~ePM1 (60%)) filter with the
introduction of an F9 (~ePM1 (80%)) filter in a known radon risk area. The premise of
this recommendation is that this finer grade filter will reduce the particulate matter further
in the air. This will reduce potential for radon progeny or daughters to attach to these
particles and then less risk of inhalation.

9.7 Future Research
The research findings provide the following insights for future research to address
existing knowledge gaps:

9.7.1 Modelling simulations to confirm radon distribution findings
The results of the research suggest that the radon distributions between floors presenting
with a more uniform ratios deserve examination; What is now needed is a cross-national
study involving simulation modelling based on the parameters provided in this study with
the aim of testing this hypothesis. There is significant potential use computational
evaluation methods employed by (McGrath and Byrne, 2015), (Milner et al., 2014) to
progress the knowledge of radon distribution between floors.

9.7.2 Radon from building materials
The findings from this study suggest that low radon levels are emitting from building
materials and finishes. While the levels are low, given the association between lung
cancer and indoor radon concentrations, greater attention therefore should be given to
potential exposure of radon from building materials, studies of this nature are particularly
pertinent with upcoming EU directives on radon from materials (EC, 1999) .

9.7.3 Ventilation and pressure differentials
A natural progression of this work is to analyse the risk matrix presented in Figure 9 in
chapter 4. A monitoring study of indoor radon concentrations comparing the main forms
of domestic ventilation systems would be strongly recommended. The precise impact of
pressure differentials precipitated by the different families of mechanical ventilation
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systems remains to be elucidated. Further research of this phenomenon through computer

simulations, and empirical evidence is, therefore, an essential next step in confirming the
proposed risk matrix.

9.7.4 EnerPHit
The indicative results from the EnerPHit sample it this study warrant further
investigation. A further study could specifically assess a larger sample of EnerPhit
buildings, more information on this subset would help us to establish a greater degree of
accuracy on the influence of the standard on indoor radon concentrations. The structure
of this research is straightforward, and the testing of radon worldwide is replicable. Again,
it has to be noted that this initial sample is small (n=5), however there are 2715 Enerphit
units worldwide listed on the international passive house database. Regionally, in the UK
there are 87 units listed and in Ireland 39 units which could be explored.

9.8 Key study limitations
It is important to recognise the limitations of this study. Firstly, the study was concerned
with certified passive house standard buildings only; therefore, the findings would not be
applicable to other standards. Furthermore, the findings relevant to EnerPhit are based on
a small number, and the Case Study sample was also limited so generalisation of the
results may not be possible. Reflecting on the research; the case study sample could have
been enhanced by stimulatingly conducting real time monitoring and capture the effect
of MVHR failure by performing a turn off for a period of time similar to an approach
taking by (Ringer et al., 2012). Given the exploratory nature of the study, the findings do
help to provide a unique insight into an under researched area, enhancing the knowledge
and understanding of radon and ventilation in certified passive houses dwellings.

9.9 Contribution to research
In addition to the direction of future research, this research has made three major
contributions to the literature in this space; since research is still relatively new and related
research is still limited. The primary contribution is that this research is the first of its
type to be carried out in Ireland and the UK but furthermore it provides confirmation with
Word Template by Friedman & Morgan 2014

statistical confidence on early and previous pilot studies which has limited sample size.
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This research should contribute to the understanding of high performing energy efficient
construction and the relationship between increased air tightness and indoor radon levels.
Secondly this research is the first to highlight the issue of radon distribution in certified
passive houses and to imply the role of balanced mechanical ventilation with heat
recovery with the crossflow principle in producing a more uniform distribution between
upstairs and downstairs radon concentrations. As a result, the findings should enhance the
knowledge of radon behaviour in indoor environments along with an understanding of
the influence of mechanical ventilation systems on overall radon levels.
Finally, this research has identified the quality assurance framework that the certified
passive house standard brings to a construction project. This framework is relevant from
the beginning of a projects right through to post occupancy monitoring. The results revel
a consistency across the sample with respect to the radon results. This is common to other
metrics on energy performance in other studies on passive house. It is hoped that the
findings of this study will yield impact on the construction industry.

9.10 Closing remarks
Whilst this study helps to provide some insight into an under-researched area, much work
remains to improve knowledge and awareness of the impact of energy efficient ventilation
strategies on indoor radon concentrations. It is hoped that these findings may help to
stimulate further research in this area particularly from the built environment sphere, to
inform the design of high-performance buildings, and to prioritise the consideration of
occupant health and wellbeing in forthcoming sustainable building design policies and
approaches.

9.11 Autobiographical Reflection
Undertaking this PhD research study has been an invaluable learning experience. I have
gained a fresh understanding of the nature of research and of the cyclical, sometimes
intricate, nature of the research praxis. I have learned, for example, that things do not fit
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neatly into categories and that research can be frustrating and sometimes tedious, yet at

other times immensely rewarding and even exhilarating. It also represents the pinnacle of
a personal journey in education which, at one point could not have been conceived.
This research study has also provided some key ideas which have helped me examine my
own professional values, and attitudes for my own role within the built environment. As
well as becoming an advocate for quality assurance and high-performance construction,
I intend to explore further how best to impact the sector, since I now have a growing
awareness of how this impact might be affected. The research process has also
encouraged me to view my own context as a research lecturer within the wider
educational field and has provided me with a wealth of resources from which to improve
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the quality of professional education and development in further education.
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APPENDIX 1: ETHICS FORMS EXAMPLE
Queen’s University Belfast
David Keir Building
Stranmillis Road
Belfast BT9 5AG

Tel: +353 87 4103 569

25th March 2019

Re: Final Reminder to Return Radon Detectors

Dear Homeowner,

I am writing to you to remind you the return of the two radon detectors you were sent to
your home on the 2nd of October 2018. The minimum period of three months has now
expired. The detectors can be returned via the freepost envelope provided in the original
pack. If you have misplaced this envelope, then please see the enclosed which can be
returned to:

Environmental Protection Agency (EPA)
Radiation Measurement Services
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McCumiskey House
205

Richview
Clonskeagh Road
Dublin 14
D14 YR62

If you require anything further in relation to this or require any clarifications, please don’t
hesitate to contact me.

Yours faithfully,

Barry Mc Carron
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BSc (Hons), MSc.

School

of

Natural and Built Environment
Queen’s University Belfast
David Keir Building
Stranmillis Road
Belfast BT9 5AG

Information Sheet for Project Participants

Project Title: An investigation of indoor radon concentrations in certified passive house
buildings

Project Sponsors: South West College & Environmental Protection Agency (EPA)
Project Researcher: Barry Mc Carron

This information sheet has been written to inform you of a research project that is being
carried out at Queen’s University Belfast. It will tell you about the project so that you can
decide whether you would like to take part.

What is the purpose of the study?
The purpose of the study is to investigate indoor radon concentrations in certified passive
house buildings.
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Why have I been chosen to take part?
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Your building forms one of the case studies for this research as it has achieved the
certified passive house standard. This study involves standard radon testing of your
building. (If you building is not a certified passive house then you have been chosen to
take part as a comparison study in which your neighbours home is a certified passive
house)

Do I have to give consent to take part?
Yes. You have been provided with this information sheet and a consent form for you to
consider your participation. To take part you will need complete the form.

What will I be asked to do?
You will be asked to participate in a standard radon test for your building. The test will
arrive in the post from the environmental protection agency. This will contain two radon
detectors with simple instructions on how to place both detectors in the living room and
the main bedroom as these are the two most occupied rooms. These are to remain in place
for a period of at least three months, the will be a pre-paid return envelope in the pack to
allow you to return the detectors at the end of the three months.

What are the possible disadvantages to my taking part?
There are no disadvantages in taking part. Participation is entirely voluntary. You will
receive the results of the radon test. These results will inform you of your current indoor
radon level and weather it is above or below the national reference level.

What are the possible benefits?
By taking part you will be contributing to a piece of research which investigating if
certified passive house homes perform better in mitigating indoor radon concentrations.
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Will my participation be kept confidential?

The information that you provide will only be accessible to the project researcher. All
information will be stored securely and destroyed when no longer needed. You will
remain anonymous so that your identity is not revealed.

What will happen to the results of the study?
The results of the study will be used primarily for the attainment of a doctoral degree by
the project researcher. The results may also be published in relevant journal articles,
presented at conferences and used for future research purposes.

Who has reviewed the study?
The study has been reviewed and granted ethical approval by Queen’s University Belfast.

What if there is a problem?
If you are unhappy about any aspect of your participation in the research you can raise
these issues in confidence with Barry Mc Carron, phone number: +353 (0) 87 4103 569,
Email: bmccarron04@qub.ac.uk

If these issues cannot be resolved and you wish to speak to someone else please contact:

Professor Wei Sha
School of Natural and Built Environment (Civil Engineering)
Queen's University Belfast
David Keir Building
Stranmillis Road
Belfast BT9 5AG
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Tel: +44 (0)28 9097 4017
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Email: w.sha@qub.ac.uk

It is up to you to decide whether to take part or not. If you decide to take part you are still
free to withdraw from the study at any time and without giving a reason.

If you have any questions or require more information about this study, please contact
Barry Mc Carron using the contact details given above.

If you do decide to take part you will be asked to sign and return the attached consent
form.

Thank you for taking the time to read this information leaflet.
Please keep a copy of this form for yourself and return the other copy to Barry Mc Carron.
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Thank you for your participation in this research project.
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APPENDIX 4: PUBLISHED PAPERS
Article
An Investigation into Indoor Radon Concentrations in Certified Passive House Homes.
Barry Mc Carron 1*, Xianhai Meng 2 and Shane Colclough 3,
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Abstract: The Energy Performance of Buildings Directive (EPBD) has introduced the
concept of Nearly Zero Energy Buildings (NZEB) specifying that: by 31 December 2020
all new buildings must meet the nearly zero- energy standard, the Passive House standard
has emerged as a key enabler for the Nearly Zero Energy Building standard. The
combination of Passive House with renewables represents a suitable solution to move to
low/zero carbon. The hypothesis in this study is that a certified passive house building
with high levels of airtightness with a balanced mechanical ventilation with heat recovery
(MVHR) should yield lower indoor radon concentrations. This article presents results and
analysis of measured radon levels in a total of 97 certified passive house dwellings using
CR-393 alpha track diffusion radon gas detectors. The results support the hypothesis that
certified passive house buildings present with lower radon levels. A striking observation
to emerge from the data shows a difference in radon distribution between upstairs and
downstairs when compared against regular housing. The study is a first for Ireland and
the United Kingdom and it has relevance to a much wider context with the significant
growth of the passive house standard globally.
Keywords: Indoor Radon; Certified Passive House; Mechanical Ventilation with Heat
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Recovery;

1. Introduction
1.1 Background
The UK Parliament became the first in the world to declare a climate emergency on 1st
May 2019. The Irish government declared a climate emergency a week later and the
Northern Ireland Assembly followed suit in February 2020 (BBC News, 2019). The Paris
Agreement, signed in 2016, is an agreement within the United Nations Framework
Convention on Climate Change (UNFCCC), dealing with greenhouse-gas-emissions
mitigation, adaptation, and finance (UN, 2016). The most recent report issued by the
IPCC is called the Special Report on Global Warming of 1.5 °C (SR15). The report
assesses projected impacts at a global average warming of 1.5°C and higher levels of
warming. Its crux finding is that meeting a 1.5 °C target is possible but will require deep
emissions reductions and rapid, far-reaching and unprecedented changes in all aspects of
society (IPCC, 2018a). The influential Emissions Gap Report, advocates for the passive
house standard in its 2016 edition, consolidating a recommendation for the standard as a
climate mitigation solution in the IPCC 4th assessment report released in 2007 (IPCC,
2007b). Both recommendations recognise that buildings are central to meeting the
sustainability challenge, as currently European buildings account for approximately 40%
of total energy consumption within the European Union (EU) (UNEP, 2017).
The Energy Performance in Buildings Directive (EPBD) mandates that all EU member
states build Near Zero Energy Buildings (NZEB) by 2021. The EPBD defines near zero
energy buildings, in broad terms, as those with high levels of energy efficiency, with the
very low amount of energy required to be provided to a very significant degree by energy
from renewable sources, preferably produced on or near site (2010/31/CE, 2010). The
UK’s Climate Change Committee (CCC) is an independent, statutory body established
under the Climate Change Act 2008 (CCC, 2019), in 2019 they published a report titled
“UK housing: Fit for the future?” (Committee on Climate Change, 2019) which states
that; ‘Greenhouse gas emission reductions from UK housing have stalled, and homes
across the UK must be improved now to address the challenges of climate change. The
costs of building to a specification that achieves the aims set out in this report are not
prohibitive and getting design right from the outset is vastly cheaper than forcing retrofit
later’. The CCC is calling for a UK “ultra-energy efficient standard” with a space heating
demand of 15-20 kWh/m2/yr. ideally heated with an electric Heat Pump (Committee on
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The International Passive House Standard offers a proven methodology to achieve this
standard. The combination of Passive House with heat pump and renewable energy
production presents a cost-effective solution to move to the required nZEB standard.
Passive Houses focus on energy saving and are designed to have an energy demand that
is as low as practically achievable. With such a small amount of energy to be supplied, it
is easier to meet the subsequent demand with renewable sources (Colclough et al., 2019).
1.2 Motivation for this study
However, while the passive house standard is being recognised as a potential significant
contributor, there are areas of research which are key to health and which haven’t been
addressed to date. Existing passive house related research in the UK and Ireland has
predominantly focussed on Energy Consumption, Indoor Air Quality (IAQ) and
overheating (Foster et al., 2016). There is a small number of studies in this space (Uhling,
2010),(Ringer et al., 2012),(Poffijn et al., 2012) however, no research in the UK or Ireland
has investigated the relationship between the unique characteristics of certified Passive
House buildings and indoor radon concentrations. This is underlined by the National
Radon Control Strategy in Ireland which identified a key knowledge gap: that “the
relationship, if any, between increased air tightness and elevated radon levels is
unknown”. This research study is aimed to provide evidence to help understand this
knowledge gap. Given the impact radon concentration can have on health issues such as
lung cancer risk, a focus is now needed in this important area.
1.3 Study Objectives
This study aims to test the hypothesis that certified Passive House buildings, with the
associated high levels of air tightness coupled with mechanical ventilation, will result in
a reduction in indoor radon gas concentrations compared to conventional buildings. It
includes the following detailed objectives:
a) Evaluating the findings against the established reference levels and the national
average;
b) Comparing radon distribution levels between upstairs and downstairs;
c) Identifying the influence of construction materials on corresponding radon
concentrations;
d) Determining the indoor radon concentrations of the Passive House Retrofit
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standard (EnerPhit) sample;

e) Carrying out comparative case studies analysis of indoor radon concentrations in
a high-risk radon area.
1.4 Review of Current Literature
Passive House (or Passivhaus) refers speciﬁcally to the International Passive House
Standard as developed, deﬁned and administered by the Passive House Institute (PHI) in
Darmstadt, Germany. Passive House has a very clear set of requirements, so it is possible
to check if a building meets the deﬁnition of the Passive House Standard. Rigorous
modelling and veriﬁcation are required in the design and construction stages to meet
Passive House certiﬁcation standards. This research will monitor only Passive House
buildings certiﬁed by the PHI (Passive House Institute, 2013). To meet the Passive House
Standard, the airtightness of a building must achieve an air change per hour rate of less
than 0.6 air changes at 50 Pascals of pressure (n50), and have ventilation provided by a
balanced mechanical ventilation heat recovery (MVHR) system. This minimizes energy
loss to the outside, improves insulation performance and reduces moisture ingress into
the building fabric (Cotterell, 2012). This approach contrasts sharply with natural
ventilation methods where suﬃcient ventilation for occupants is often achieved, in part,
due to a leaky building fabric. The resultant draughts in naturally ventilated buildings are
often exacerbated using open ﬁres which further draw in air for combustion. As concerns
about IAQ and health grow, ensuring good IAQ is critical. Available research already
indicates that a correctly installed and operating MVHR system has a positive eﬀect on
IAQ and humidity levels (Schnieders and Hermelink, 2006). The Passive House Standard
uses the European air quality category IDA 3 (Moderate IAQ CO2 level 600–1000ppm)
to deﬁne MVHR operating parameters along with output that is based on the number of
people (30 m³/h per person) according to DIN 1946, the German standard for ventilation
(Passive House Institute, 2016). The Passive House certiﬁcation criteria mandates key
metrics for compliance in respect to MVHR including early design consideration,
successful installation and commissioned units. This is conﬁrmed by academic research
into the performance of the Passive House Standard (Schnieders and Hermelink, 2006).
The standard is based on compliance of the International Standard for Thermal Comfort
ISO 7730 (ISO, 2005).
The Passive house standard is the fastest growing energy performance building standard
in the world (Passipedia, 2016) this was the reason for selecting this sample for
investigation. As outlined the concept of reducing air infiltration through the envelope
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and utilising heat recovery with mechanical ventilation are inherent to the success of the
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standard. It is well known that ventilation in buildings has an influence on indoor radon
concentrations (Font Guiteras, 2008). Mechanical Ventilation systems can induce
negative pressure or also exert positive pressure on the building envelope. With respect
to radon negative pressure on the building envelope has potential to accelerate the
migration of radon into the dwelling (Font Guiteras, 2008). Certified passive house
buildings however pose less risk with balanced systems and thus reduced pressure
differentials. In order to gain full certification, the MVHR system must be balanced within
10% and best practise is seen as <3% (Passive House Institute, 2016). Finally, the
ventilation design employs the crossflow principle, to ventilate circulation areas. This is
where air moves from supply to extract points through the building, thus avoiding the
need, usually, for supply air points in hallways, landings, stairs etc. To do this air transfer
between all ventilated rooms is essential see Figure 1, and this is normally done by
providing a 10mm undercut beneath internal doors, although the exact amount can be
calculated according to the designed air transfer rates (Rosemeier, 2014). Intuitively the
floor plan configuration will also have an impact (Rojas, Pfluger and Feist, 2015).

Figure 1. Passive House Ventilation concept with active overflow. Source PHI:
(Passipedia, 2016).

Radon is a naturally occurring, radioactive gas that results from the decay of uranium in
rocks and soils. It is the major source of ionizing radiation exposure to the population.
Radon decays to form tiny radioactive particles, some of which stay suspended in the air

218

Word Template by Friedman & Morgan 2014

as colourless, odourless, tasteless gas that can only be measured using special equipment.

Normally, when radon is emitted into the open air, it is quickly diluted to harmless
concentrations. However, when radon enters an enclosed space, (such as a house) through
cracks in floors or gaps around pipes and cables, it can build up to a dangerously high
concentration. Inhaled radon particles give a radiation dose that may damage cells in the
lung (Dempsey, Lyons and Nolan, 2018). The World Health Organisation (WHO) has
identified radon as a known human carcinogen and has reported a wealth of biological
and epidemiological evidence connecting radon exposure and lung cancer (WHO, 2009a).
Radon is estimated to cause 1,100 deaths per year in the UK (and is the second largest
identified cause of lung cancer after smoking) (Milner et al., 2014) and approximately
300 cases of lung cancer in Ireland every year can be linked to radon (Dowdall et al.,
2017). Considering that the typical person in industrial countries (such as the UK and
Ireland) spends approximately 90% of their time indoors, (Klepeis et al., 2001) there are
surprisingly few academic studies on radon in the home.
Monitoring indoor radon is of fundamental importance and this research represents an
opportunity to advance an understanding of the effect of increasing energy performance
standards and the role of increased airtightness and mechanical ventilation. Public Health
England (PHE) in the UK estimates that with an increase in radon concentration of 100
Becquerels per cubic metre (Bq/m3), the risk of a smoker developing lung cancer
increases by up to 31% with a central estimate of 16% (Health Protection Agency, 2009).
Other researchers (Fornalski et al., 2015),(Scott, 2019),(Scott, 2011) however, hold a
conflicting view, they argue that the probabilistic approach to show that cohort and casecontrol epidemiologic studies cannot reveal the true shape of the dose-response
relationship for radon-induced lung cancer. They conclude that there is no significant risk
among low radon concentrations advocating the “as low as reasonably achievable”
(ALARA) principle.
Radon is measured in Becquerels per cubic metre of air (Bq/m3). The WHO proposes a
reference level of 100 Bq/m3 to minimize health hazards due to indoor radon exposure.
However, if this level cannot be reached under the prevailing country-specific conditions,
the chosen reference level should not exceed 300 Bq/m3 which represents approximately
10 mSv per year according to recent calculations by the International Commission on
Radiation Protection (WHO, 2009a). The Reference Level for homes in Ireland is 200
Bq/m3. The Reference Level represents a radon concentration above which action to
reduce radon levels is likely to be needed (WHO, 2009a). In the United Kingdom Public
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Health England, (PHE) issued advice (HPA, 2010), recommending that radon exposure
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should be reduced where the annual average radon concentration exceeds the Action
Level (AL) of 200 Bq/m3 and ideally to below the Target Level (TL) of 100 Bq/m3
(Health Protection Agency, 2010). So, in summary, in the context of the passive house
standard having been identified and a potential significant contributor to reduced energy
consumption in dwellings, this study focuses on the knowledge gap identified in the
critical area of radon concentrations in housing which has been certified as complying to
the passive house standard. To do so it reports on measurements carried out on a cohort
of dwellings in Ireland and the UK.

2. Materials and Methods

The sample in this study comprises of 97 certiﬁed Passive House buildings in Ireland and
the UK and consists of two-house classifications, 92 are passive house certified and five
meet the passive house EnerPHit standard (namely passive house retrofit). In addition to
these, 25 comparison homes were also selected simply because of their proximity to
corresponding certified homes.
The oldest of these passive house homes was built in 2005 with the most recent being
constructed in 2019. The entire sample is also all two-story domestic dwellings. The
largest of these is 455m2 while the smallest is 104m2. Of the 97 homes, 58 are of masonry
construction and the remaining 39 are of timber frame construction. All the homes are
passive house certified and all have a balanced mechanical ventilation heat recovery unit
and have an airtightness level (n50) of <0.6 for new homes and for the EnerPHit <1.0.
The building characteristics and materials are signiﬁcant, as the most common sources of
radon are gas from the soil/ground and oﬀ-gassing from building materials containing
radon (Denman et al., 2006b). Building material radon emissions are much lower than
radon gas being emitted from soil/ground gas and only apply to such building materials
as ground rock and those which originate from ground rock (e.g. sand, soil and cement).
Concentrations of radon present in these building materials will vary, depending upon
geological origin (Woolley, 2016). The small number of homes retroﬁtted to the EnerPHit
standard are significant as other studies show that energy retroﬁtting of homes may reduce
the potential for ventilation ﬂushing of radon gas from the house, thereby increasing radon
levels (Collins and Dempsey, 2017). Retroﬁt houses may also have an existing ﬂoor that
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does not include radon protection and sealing the full footprint of the building may

consequently prove diﬃcult. Therefore, it is diﬃcult to predict the eﬀect of applying
Passive House techniques to existing buildings on indoor radon concentrations: a properly
installed and operating MVHR system could reduce the radon level but failing to
completely seal the building envelope could increase the radon level.
The methodology to test the hypothesis was to survey as many certified passive house
buildings using the same standard and protocols as employed under the national radon
strategy to facilitate a comparative framework. The method of measurement used to test
indoor radon concentrations was by CR-393 alpha track diﬀusion radon gas detectors
placed in the main living area (Room 1) and the main bedroom (Room 2) for just over
three months. This was carried out over three different monitoring phases from October
2017 to June 2019. Radon results are presented as an annual average using the seasonal
adjusted average (SAA) method. The test results are compared with the national reference
levels, national averages and existing survey data on radon.

An independent assessment of measurement uncertainties of the radiological Protection
institute of Ireland (RPII) radon measurement service was carried out by previously
published (Hanley et al., 2008). The Radon laboratory hold the accreditation for the
International Organisation for standardisation and International Electrotechnical
Commission (ISO/IEC) 17025. A requirement of this standard is an estimate of
uncertainty of measurement. This work employed two approaches to estimate the
uncertainty. The bottom up approach involved identifying the components that were
found to contribute to the uncertainty. Estimates were made for each of these components,
which were combined to give a combined uncertainty of 13.5% at a Rn concentration of
approximately 2500 Bq/m3 at the 68% confidence level. By applying a coverage factor of
k=2, the expanded uncertainty is ±27% at the 95% confidence level. The top down
approach used information approximately 95% confidence level. This is good agreement
for such independent estimates (Hanley et al., 2008). In this research as the monitoring
and testing was carried out by this lab the uncertainty level of ±27% was adopted for the
study. The presentation of results all incorporates this percentage in the error bars in
graphs.
3. Results
Radon measurements were completed in a total of 122 homes; 97 certified (including 5
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EnerPhit) passive house buildings and 25 comparison homes. None of the 97 certified
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passive homes surveyed had radon concentrations exceeding the 200 Bq/m3 national
Reference Level (see Figure 2). Only 6.79% of the sample breached the target level or
WHO recommendation of 100 Bq/m3. The maximum concentration measured was 166

Radon Level Bq/m3

Bq/m3 in a home in Northern Ireland which was in a defined higher risk area.
200
180
160
140
120
100
80
60
40
20
0
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91 94 97

Certified Passive House Sample

Figure 2. Passive House Sample (97 homes) with National Reference /Action Level 200
Bq/m3 and WHO recommendation / Target Level 100 Bq/m3 shown with the dashed lines.
The Environmental Protection Agency (EPA) carried out the National Radon Survey
(NRS) of Ireland between 1992 and 1999 (Dowdall et al., 2017). The survey characterized
areas of Ireland in terms of their radon risk and one of the key findings was that the
geographic weighted national average indoor radon concentration at that time was 89
Bq/m3. Since then, several developments have taken place in Ireland that are likely to
have impacted on the national average radon concentration.
Two of the most significant include the introduction of amended Building Regulations in
1998, requiring radon preventive measures in new buildings in High Radon Areas
(HRAs), and the significant rate of new builds that grew by 47% between 1999 and 2014.
To re-assess the national average indoor radon concentration, a survey protocol was
carried out in 2015, to measure radon in a sample of homes representative of radon risk
and geographical location. This new national average was published in 2017 and could
then be used to assess the effectiveness of the measures that have impacted on this metric
since it was first established in the 2002 NRS (Dowdall et al., 2017). The results showed
that the national average indoor radon concentration for homes in Ireland was 77 Bq/m3,
a decrease from the 89 Bq/m3 reported in the 2002 NRS. This figure of 77 Bq/m3 is now
a baseline metric for the National Radon Control Strategy (NRCS) (Dowdall et al., 2017).
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3.1. Radon levels against national average

The average indoor radon level based on the 97 certified passive homes monitored in this
study is 36 Bq/m3 as shown in Table 1. It can be directly compared with the national
average of 77 Bq/m3. The radon level of certified passive homes is directly compared
with the non-passive houses (namely comparison homes), which were also monitored in
this study. The average of comparison homes was found to be 88 Bq/m3 which is broadly
in line with NRS.
Table 1. Radon results showing the EPA 2015 NRS, the comparison sample and finally
the Passive House sample.
Metric

EPA 2015 NRS Comparison

PH Sample

Sample
Number of homes measured

649

25

97

No. of homes >200 Bq/m3

8%

8%

0%

No. of homes >100 Bq/m3

25%

16%

7%

concentration 14

21

10

concentration 1393

598

149

88

36

Minimum
(Bq/m3)
Maximum
(Bq/m3)

SSA average for Sample

77

3.2. Radon distribution
The single most striking observation to emerge from the data shows a difference in radon
distribution between upstairs and downstairs when compared against regular housing. In
previous UK research, radon levels were found to be typically 35% lower on first floor
bedrooms compared to ground floor living rooms (Health Protection Agency, 2009). In
the current research, the radon concentrations between both floors tested found that levels
were only 6% lower on the first-floor bedrooms compared to ground floor living rooms.
Therefore, with radon levels significantly lower in the passive house sample, it warranted
further investigation. An analysis of 344 standard two-story homes from the EPA 2015
NRS and the Passive House sample of 97 two-story homes, which presented this different
radon distribution. Distribution ratios shown in Table 2 of the bedroom/living room radon
levels in the standard two-story homes presented as gaussian distribution (mean 0.79,
Word Template by Friedman & Morgan 2014

median 0.74 with a standard deviation of 0.37). The results of the certified passive house
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sample are significantly anomalous (mean 1.03, median 0.92 with a standard deviation of
0.56).

Table 2: Radon distribution analysis comparing the data in this study against the NRS
2015.

Study

National

No of Samples Mean

Median

Standard

Ratio

Ratio

Deviation

Radon 344

0.79

0.74

0.37

House 97

1.03

0.92

0.56

Study
Passive
Study

A possible reason for the difference may lie in the fact that the Passive house standard
has a defined specification for airtightness and balanced MVHR systems, unlike much of
the standard dwellings. In addition to this, there is a consistent framework on design,
installation and commissioning of these systems. This quality assurance coupled with
typical layout of a two-storey dwelling combine to produce the lower indoor
concentrations and closer distribution levels between upstairs and downstairs.
140

Radon Levels Bq/m3

120
100
80
60
40
20
0

Downstairs

Upstairs

Passive House (n97)

35

33

NRS 2015 (n344)

104

69
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Radon Distribution by Floor

Figure 3. Radon Distribution comparison of data by floor between this study and the NRS
2015.
3.3. Radon from building materials
While the influence of building materials on indoor radon concentrations is recognized,
there is a paucity of quantitative data representing the structural contribution to domestic
radon. A figure of 20 Bq/m3 has recently been suggested for the contribution from
building materials to indoor radon concentrations (Health Protection Agency, 2009). In
this passive house study, 58 dwellings are constructed from masonry and the remining 39
dwellings are of timber frame construction. The analysis of the results shown in Figure 4
reveal that the timber frame sample has a slightly lower radon level than the masonry
group. This corresponds with previous research (Public Health England, 2018). However,
as the number of houses investigated in this research was relatively small and it was not
the key focus of the research, the results should be treated with caution.
60

Radon Level Bq/m3

50
40
30
20
10
0

DownStairs

Upstairs

SA Average

Timber (n39)

29

29

32

Masonary (n58)

40

36

39

Certified Passive House Sample

Figure 4: Radon Monitoring Construction Materials.

3.4. Comparative Case Studies
A total of 10 comparative case studies were also carried out, which were in known high
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risk areas. For each case study, the comparison between a certified passive house and the
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home directly next door was performed. It is noted that a significant variance can be found
between neighbouring dwellings. The correlation of these findings is still interesting as
the conventional homes demonstrate elevated radon levels in all 10 case studies. As
shown below in Figure 5,
10

Comparitive Case Studies
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2
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3
23

4
26

5
72

6
37

7
20

8
67

9
166

10
37

Standard Homes

51

52

34

48

144

126

58

598

409

104

Radon Level Bq/m3

Figure 5. Direct comparative case studies.
The figure above illustrates that in the five case studies with the clear differentiation, (5,
6, 8, 9 and 10), these conventional homes all have radon levels on or above the Action
Level of 100 Bq/m3. Also, of note in Figure 5, Homes 8 and 9 have significantly elevated
levels 598 Bq/m3 and 409 Bq/m3. By comparison, the corresponding passive houses next
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door in both case studies have levels of 67 Bq/m3 and 166 Bq/m3, respectively.

140
120

Radon Level Bq/m3

100
80
60
40
20
0

Downstairs

Upstairs

Average

EnerPHit (n5)

83

53

72

Standard House (n25)

93

72

88

Figure 6. EnerPHit Comparison.
The final figure above presents a comparison of the EnerPhit or Passive House retrofit
homes against the comparison homes measured in this study. The average result for the
EnerPHit sample was 72 Bq/m3 which was lower than the standard house sample of 88
Bq/m3.

4. Discussion
This research focused on using the same common radon testing method employed for
national surveys in both Ireland and the UK, in order to facilitate comparative analysis to
examine the implications of passive house standard for indoor radon concentrations in the
domestic construction. The findings from this study provide evidence that explain the
influence of attributes of the passive house standard.



The results of this study are broadly in agreement with the small amount of similar
research carried out in other EU Countries. The Passive House sample presented with
an average 36 Bq/m3 this falls below all other comparable reference levels and is
aligned with the “as low as reasonably achievable” (ALARA) principle. There are
two likely causes for the reduced concentrations, the role of airtightness coupled with
a properly installed and commissioned balanced mechanical ventilation system
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facilitate lower indoor radon concentrations. The role of passive house certification
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also provides level of oversight to ensure the design metrics are upheld with respect
to airtightness and ventilation rates and balancing of the system.


The radon distribution results are interesting in that they presented with a much lower
ratio between upstairs and downstairs. The observed correlation between upstairs and
downstairs might be explained in this way: The passive house standard employs the
cross-flow principle for mechanical ventilation design which allows circulation and
air transfer throughout the building thus redistributing radon concentrations. These
results are in sharp contrast to the limited available research on radon distribution
between floors. In the Passive House certification framework, the air transfer strategy
is checked to ensure certification.



Another possible explanation for this more uniform distribution ratio is role of floor
plan configuration, under the ventilation design methodology in passive house there
will often be more extract than supply on the ground floor and indeed the opposite on
the first floor. This is primarily because all bedrooms are supply and in a typical two
storey dwelling the larger percentage of bedrooms are located upstairs.

This

suggestion will also contribute to a lower distribution ratio between floors.


The comparison of the construction materials did result in two differentials. The
timber sample yielded a lower radon concentration of 32 Bq/m3 compared to 38 Bq/m3
in the masonry sample. There was also a difference in radon distribution both floors
had an average of 29 Bq/m3 in the timber sample compared to 40 Bq/m3 on the ground
floor and 36 Bq/m3 on the first floor in the masonry sample. It is reported in previous
literature that masonry construction materials will emit and contribute to the
background radon in a building. The results here would indicate the same, however
this would require further investigation.



The results from the EnerPhit standard sample indicated higher radon levels 72 Bq/m3
than the rest of the passive house sample 36 Bq/m3, however this was still a lower
level than the comparison sample measured in this study 88 Bq/m3 and the figures
recorded in the last national radon survey 77 Bq/m3 . This suggests that the passive
house standard for retrofit will also act as on effective control for radon, it must be
noted however that this must be treated with caution as the number of EnerPhit homes
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measured (five) is very low.

5. Conclusion
5.1 Summary of research
This research has provided further evidence to the knowledge gap on the relationship
between improved energy efficient design strategy’s and direct influence on indoor radon
concentrations. The five main objectives have been realised, specifically.

1. The monitored radon levels have been taken on 97 certified passive house buildings
and these results have been evaluated against the established reference levels and the
national average.
2. The radon distribution levels between upstairs and downstairs was analysed in in the
97 certified passive house buildings which are all two storey domestic dwellings.
3. The type of construction was identified for all buildings in the sample and the
influence of the construction materials were compared.
4. Ten homes within the sample were identified as being in high risk radon areas and
had the distinction of having an adjacent dwelling. The results of the monitoring of
indoor radon concentrations were compared between both homes at each of the ten
locations.
5. The sample of certified buildings included five Passive House Retrofit (EnerPhit)
homes, the radon levels for these homes were also compared.
5.2 Main Findings
The main findings of this study, based on the results of monitoring are as follows:



The overall monitoring results support the hypothesis outlined at the start of this paper
that certiﬁed Passive House buildings perform better in respect to indoor radon
concentrations 36 Bq/m3 compared to conventional homes 88 Bq/m3 given less
airtightness and no MVHR systems. The case study dwellings located in the geogenic
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high-risk areas, which presented with elevated concentrations in the standard homes
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compared directly with the ten passive house buildings further consolidates the
narrative.


The radon distribution results support the opinion that the passive house framework
for quality assurance of the design, installation, and commissioning deliver design
performance in MVHR systems. This will result in more extract on the ground floor
thus reducing the ground floor radon level and lowering the distribution gap.



The findings on the relationship with construction materials and radon concentrations
are not statistically significant to make claims about background radon emissions.



Finally, the EnerPhit sample presents with lower indoor radon concentrations it is
acknowledged that the number of houses investigated was very small, the results
should be treated with caution; however, they correlate with results in similar pilot
studies.

5.3 Implications for future practise
This project is the first comprehensive investigation of indoor radon in certified passive
house buildings in the UK and Ireland. The analysis of the radon concentrations has
extended our knowledge of the influence of airtightness and mechanical ventilation heat
recovery systems as delivered by the passive house standard. The findings of this study
have important implications for future practice.
a) It illustrates the value of having a clear methodology of quality assurance (integral
to the passive house process).
b) Passive House exhibits better radon performance which may be ascribed to the
combination of reduced air infiltration combined with MVHR.
c) It highlights the significance of ensuring the MVHR system is balanced at the
commission stage, such that the house is at a slight positive pressure. I.e. the slight
positive pressure (<3%) will reduce the risk of radon ingress.
5.4 Future Work
Further work needs to be done to translate knowledge generated in this research.


Modelling or simulation studies of the on the crossflow principle and the relationship
with MVHR airflows.



Investigations into the radon concentrations emanating from construction materials
particularly with the recent EU Directive mandating reference levels for gamma
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radiation emission from building materials.



In addition, more work could be carried out on the pressure differentials produced
from the various array of mechanical ventilations systems being employed in
European housing under the EBPD.



Then finally a replication of this work could be carried out on a larger sample of
passive house EnerPHit project and this study is replicable and scalable for different
regions with passive house growth such as North America and Canada where radon
is a prevalent issue.
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Abstract

The international Passive House Standard delivers high thermal comfort based on the
principles of excellent building fabric and balanced mechanical heat recovery ventilation.
Considering that the typical person in industrial countries (such as the UK) spends ~90%
of their time indoors, there are surprisingly few academic studies on air quality in the
home. Indoor air quality and the prevalence of overheating are attracting an increasing
amount of research attention across Europe but post occupancy monitoring of indoor
radon concentrations is severely underrepresented, especially in Ireland and the UK.
Radon is a naturally occurring radioactive gas and known carcinogen that presents a
potential risk to occupier health.
This pilot study investigates measured radon levels in Northern Ireland certified Passive
House buildings and presents an overview of technical radon prevention design options
for new builds and mitigation measures for existing buildings. Initial findings indicate
that buildings built to the Passive House Standard correspond with reduced indoor radon
gas concentrations.

Keywords Certified Passive House, EnerPHit, Radon, IAQ, Indoor Air Quality
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Practical Application

This Technical Note addresses an issue pertinent to the industry at this time. The growth
of energy efficient standards (such as Passive House) and common principles (such as
increased airtightness levels and mechanical ventilation systems) has accelerated the need
for research data on indoor radon concentrations. This research bridges the knowledge
gap between the fields of indoor air quality (specifically radon), health, sustainability and
the built environment.

1.0 Introduction

Implementation of the new, legally-binding Paris Agreement on climate change has
reinforced the need to reduce energy consumption in buildings. Currently European
buildings account for ~40% of the total energy consumption within the European Union
(EU) [1]. The Energy Performance in Buildings Directive (EPBD) mandates that all EU
member states build near zero energy buildings (NZEB) by 2021 [2].
The EPBD defines near zero energy buildings, in broad terms, as those buildings with
high energy efficiency performance. The directive states that the very low amount of
energy required should be provided to a very significant degree by energy from renewable
sources, preferably produced on or near-site [2].

The international Passive House Standard offers a proven methodology to achieve this
goal. As a building standard that is energy efficient through a reduction of consumption
and a reduction of greenhouse gas emissions, the Passive House Standard has emerged as
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a key enabler for the NZEB standard. The combination of Passive House with renewable
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energy production presents a suitable solution to move to low/zero carbon. Passive houses
focus on energy saving and is designed to have an energy demand that is as low as
practically achievable. With such a small amount of energy to be supplied, it is easier to
meet the subsequent demand with renewable sources [3].

To meet the Passive House Standard the airtightness of a building must achieve an air
change per hour rate of less than 0.6 at 50 Pascal’s of pressure (n50), and have ventilation
provided by a either balanced mechanical heat recovery ventilation or demand controlled
ventilation systems. Existing research has focused on Indoor Air Quality (IAQ) and, in
particular, overheating risks in Ireland and the U.K. [4]. None have investigated the
relationship between the unique characteristics of certified Passive House buildings and
indoor radon concentrations.

The objective of this study is to assess if a certified Passive House building, with the
associated high levels air tightness coupled with mechanical ventilation, will result in a
reduction in indoor radon gas concentrations compared to conventional builds. This paper
will present the initial research findings from a Northern Irish sample (Figure 1) taken
from a larger PhD study investigating indoor radon concentrations in Irish and UK
certified Passive House buildings.

The coloured areas in Figure 1, below, represent a 1% or greater probability of the radon
level in a dwelling exceeding the action level of 200 Bq/m3 which are known as ‘radon
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affected areas’ [5].

Figure 68 – Radon affected areas in Northern Ireland.

2.0 Radon in Buildings

The World Health Organization (WHO) has identified radon as a known human
carcinogen, with a wealth of biological and epidemiological evidence connecting radon
exposure and lung cancer [6]. Radon is estimated to cause 30 deaths per year in Northern
Ireland and is the second largest identified cause of lung cancer after smoking. Public
Health England (PHE) estimates that some 155,000 homes (~1 in 5 in Northern Ireland)
are in ‘radon affected areas’. Households in these areas are exposed to radon at a level
where protective action is recommended [7].

Radon is a naturally occurring radioactive gas that results from the decay of uranium in
rocks and soils and is the major source of ionising radiation exposure to the UK
population. Radon decays to form tiny radioactive particles, some of which stay
suspended in the air as colourless, odourless, tasteless gas that can only be measured using
special equipment. Normally, when radon surfaces into the open air it is quickly diluted
to harmless concentrations. However, when radon enters an enclosed space such as a
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house or other buildings through cracks in floors or gaps around pipes and cables it can
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build up to a dangerously high concentration. Inhaled radon particles give a radiation dose
that may damage cells in the lung [8].

Health Protection Agency (HPA)advice estimates that with an increase in radon
concentration of 100 Becquerel’s per cubic metre of air (Bq/m3), the risk of a smoker
developing lung cancer increases by up to 31% with a central estimate of 16% [9]. The
HPA advises that homes with smokers or ex-smokers should seriously consider reducing
radon levels where concentrations are measured above the target level (100 Bq/m3)
because of the substantial risks associated with a combination of smoking and radon
exposure.

Radon measurements are normally made with two radon detectors - one in the main living
area and the other in a regularly used bedroom, reflecting the parts of the home that are
most often occupied. Detectors are left in place for three months. The government
recommended ‘action level’ for radon in homes in the UK is 200 Bq/m3. Above this level
it is recommended that householders take action to reduce their radon levels [8].

3.0 Radon Prevention

Prior to construction it is not possible to predict the radon concentration in a dwelling.
However, probability maps are available which show the probability of radon
concentrations in areas across the UK. These maps are displayed in a 1 km x 1 km grid
and are colour coded by concentration level: 1%-3%; 3%-5%; 5%-10%; 10%-30% and >
30% [10].

In radon affected areas with a radon probability level >1%, preventative measures must
be taken when constructing new dwellings, performing alterations, extensions,
conservatory and porch extensions (including exempt conservatory and porch extensions)
to dwellings and when converting buildings to dwellings through a material change of

252

Word Template by Friedman & Morgan 2014

use [11].

Indoor radon concentration may be mitigated by 2 preventative measures: Basic radon
protection and full radon protection. Basic radon protection is provided by a damp-proof
membrane modified and extended to form a radon-proof barrier across the ground floor
of the building. Full radon protection comprises a radon-proof barrier across the ground
floor and provision for subfloor depressurization (a radon sump) or ventilation (a
ventilated subfloor void). The radon sump is not initially activated, rather it is capped and
available for use as a secondary measure in case the radon-proof barrier is insufficient for
reducing radon levels below the action level of 200 Bq/m3. The requirements for
preventative measures will depend on the radon probability levels as can be seen in Table
1.

Probability %

Required Action

0-1%

No protection required

1-3%

Zone 1: Radon membrane required

3-5%

Zone 1: Radon membrane required

5-10%

Zone 1: Radon membrane required

10-30%

Zone

2:

Membrane

plus

provision

for

subfloor

plus

provision

for

subfloor

depressurisation
30% or greater

Zone

2:

Membrane

depressurisation

Table 1 – Radon probability level and required preventative measures 2012.

4.0 Radon Mitigation

The aim of remedial work is to reduce radon levels as much as possible. Several methods
can be used to reduce high radon levels by reducing radon flow from the ground to the
dwelling including radon sumps, positive ventilation, natural underfloor ventilation and
Word Template by Friedman & Morgan 2014

active underfloor ventilation.
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Radon sumps may be active or passive. Active radon sumps are the most effective way
to reduce indoor radon levels and are powered by an electric fan. Active radon sumps
work best under solid floors or under suspended floors if the ground is covered with
concrete or a membrane. They reduce even the highest radon levels. Passive sumps
(without a fan) reduce radon levels but are less effective than active sumps. They work
best with a pipe ending above the eaves of the roof and may be an option for homes with
lower radon levels ~300 Bq/m3.

Sumps can be added following initial construction by making small hole, big enough for
a 110 mm pipe, in an exterior wall just below ground level, removing a bucketful of
material to create a space just below the floor slab and running a pipe from the space
through the wall and up the side of the house to roof level. The system is powered
continuously by an electric fan (active).

Positive ventilation is another method of radon mitigation; a small, quiet fan blows fresh
air (usually from the roof space) into the building.

Natural underfloor ventilation is present in many homes and some workplaces that have
a suspended ground floor with a space underneath. Good ventilation of this space can
reduce radon concentrations.

Active underfloor ventilation using a fan to continuously blow air into or extract air out
of the space below a suspended floor. This can be used when natural underfloor
ventilation is inadequate to reduce radon level [11].
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5.0 Passive House Criteria

Passive House (or Passivhaus) refers specifically to the international Passive House
Standard as developed, defined and administered by the Passive House Institute in
Darmstadt, Germany. Passive House has a very clear set of requirements so it is possible
to check if a building meets the definition the Passive House Standard. Rigorous
modelling and verification are required in the design and construction stages to meet
Passive House certification standards. This research will monitor only Passive House
buildings certified by the Passive House Institute [12].

The Passive House Standard employs a mixed mode ventilation strategy combining a
mechanical ventilation system including heat recovery (MVHR) from exhaust air that
would otherwise be lost and summer ventilation / cooling using windows. Mixed mode
ventilation allows for Passive House airtightness / air leakage criteria: 0.6 air
changes/hour under a blower door test. This minimises energy loss to outside, improves
insulation performance and reduces moisture ingress into the building fabric.

This Standard contrasts sharply with natural ventilation methods where sufficient
ventilation for occupants is achieved, in part, due to a leaky building fabric. The resultant
draughts in naturally ventilated buildings are often exacerbated by the use of open fires
which further draw in air for combustion.

As concerns about indoor air quality and health grow, ensuring good indoor air quality is
critical. Available research already indicates that a correctly installed and operating
MVHR has a positive effect on IAQ and humidity levels. The Passive House Standard
uses the European air quality category IDA 2 (Medium IAQ - CO2 level = 400-600ppm)
to define MVHR operating parameters. The Passive House certification criteria set out
key metrics for compliance in respect to MVHR including early design consideration,
successful installation and commissioned units. This is confirmed by academic research
into the performance of the Passive House Standard [13].

6.0 Radon Testing
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6.1 Sample Selection and Characterisation
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The sample used in this pilot study is from 5 certified Passive House buildings in Northern
Ireland. Table 2 provides details of these buildings including size, year of construction,
construction type, Passive House Standard certification type and the air tightness level
(n50).
Year

of Size

Constructio
ID

Postcode n

(m2

Constructio

)

n

Type

Building

n50
0.51/

2474 BT78 5

2012

127

Timber

New Build

Detached

h
0.58/

2856 BT19 1

2013

185

Timber

New Build

Detached

h

4749 BT92 6

2014

287

Masonry

EnerPHit

Detached

0.7/h

4751 BT71 6

2014

144

Timber

New Build

Detached

0.6/h

5185 BT74 4

2014

455

Timber

New Build

Campus

0.6/h

Table 2 – Details of selected Passive House buildings for the initial sample

Building characteristics and materials are significant as the most common sources of
radon are gas from the soil/ground and off-gassing from building materials containing
radon [14, 9]. Building material emissions are much lower than emissions from
soil/ground gas and only apply to building materials such as ground rock and those which
originate from ground rock such as sand, soil and cement. Concentrations of radon present
in these building materials will vary depending upon geological origin [15]. Timber
frame construction is the dominant form of construction in this sample and so the building
material emissions will be relatively low.
Building ID: 2474 is equipped with a ground air heat exchange system and as such there
may be increased radon levels due to leaks or direct air intake from the soil.
It also has to be noted that such as existing house Building ID: 4749 has been retrofitted
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to the Passive House retrofit standard (EnerPHit). Other studies have shown that energy

retrofitting of homes may reduce the potential for ventilation flushing of radon gas from
the house, increasing radon levels [16].
Retrofit houses may also have an existing floor that does not include radon protection and
sealing the full footprint of the building may prove difficult. Therefore, it is difficult to
predict the effect of applying Passive House techniques to existing buildings on indoor
radon concentrations: A properly installed and operating MHRV system could reduce the
radon level but failing to completely seal the building envelope could increase the radon
level [17].
Building ID: 5185 is non-residential so the two most occupied rooms were chosen for
testing. If the radon level in any part of a workplace exceeds 300 Bq/m3 as an annual
average, the employer is then obliged to take radon mitigation action to ensure staff safety
[18].

6.2 Radon Monitoring

In 2010 the Health Protection Agency (HPA) updated its advice on the limitation of
human exposure to radon, maintaining the national action level at 200 Bq/m3 and
introducing the concept of a target level at 100 Bq/m3 [19].
The target level refers to an annual average concentration of 100 Bq/m3 or below as the
ideal level acceptable for remediation works in existing buildings and protective measures
in new buildings [19].
The HPA, WHO and most international governments recognise that homes which exceed
the radon action level (200 Bq/m3) should reduce their radon levels with immediate
effect. This action level refers to the annual average concentration in a home, so radon
measurements are carried out with two detectors (in a bedroom and living room) over
three months, to average out short-term fluctuations.
In this pilot study indoor radon levels were measured by CR-393 alpha track diffusion
radon gas detectors placed in the main living area (Room 1) and the main bedroom (Room
2) for just over 3 months from October 2017 to January 2018. Radon results are presented
as arithmetic average (figure 3) and geometric average (figure 4) with corresponding
seasonal correction factors.
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The test results will also be compared with the existing data on radon in Northern Ireland.
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Table 3 presents the arithmetic and geometric average of measured radon levels in each
postcode area corresponding to a Passive House building in this pilot study. The averages
were taken from ~24,000 radon measurements from homes in Northern Ireland between
1983 and 2015 [19].

ID

Postcod

Total

Homes

Arithmetic

Geometric

e

Homes

Tested

Average (Bq m- Average (Bq m- (Bq m-3)
3)

3)

Highest Result

247
4

BT78 5

3,200

93

50

40

190

BT19 1

6,400

6

32

20

93

BT92 6

530

63

65

37

540

BT71 6

4,900

56

38

29

180

BT74 4

1,600

17

47

37

110

285
6
474
9
475
1
518
5

Table 3 –Radon in Dwellings in Northern Ireland 2009
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7.0 Radon Testing - Results

RADON MONITORING RESULTS
Bedroom / Room 2

ID 2856

24

16

23

11

103

110

194
ID 2474

14

26

29

RADON CONCENTRATION IN BQ/M3

Living Room / Room 1

ID 4749

ID 4751

ID 5185

Figure 2 – Radon Monitoring Results.

The initial results for radon concentration in certified Passive House buildings. Radon
detectors were located in the living room (room 1) and the main bedroom (room 2). In
Building ID: 5185 (a commercial building) the rooms selected were the two most
frequently occupied and are labelled Room 1 and Room 2.

ID 4749

38
ID 4751

47

67

65
ID 2856

19.5

32

12.5

50
ID 2474
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Arithmetic Average Postcode
148

Arithmetic Average Passive House

27.5

RADON CONCENTRATION IN BQ/M3

RADON LEVELS IN PASSIVE HOUSE
BUILDINGS COMPARED TO POSTCODE ARITHMETIC AVERAGE

ID 5185
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Figure 3 – Radon Monitoring Results Arithmetic Average Comparison.
Arithmetic average comparison of Passive House monitoring results and corresponding
postcode reference level in Northern Ireland from Public Health England. The arithmetic
average radon results are lower in the Passive House monitoring than the postcode in
Building IDs 2474, 2856 and 4749. Passive House radon levels were marginally higher
in Building ID: 5185 and significantly higher in ID: 4751. Results indicate levels below
the action level (AL) of 200 Bq/m3 although ID: 4751 is above the target level (TL) of
100 Bq/m3.

Geometric Average Postcode

ID 2474

ID 2856

ID 4749

ID 4751

37

29

37

19.1

20

12.4

40

51.38

141

Geometric Average Passive House

27.4

RADON CONCENTRATION IN BQ/M3

RADON LEVELS IN PASSIVE HOUSE
BUILDINGS COMPARED TO POSTCODE GEOMETRIC AVERAGE

ID 5185

Figure 4 – Radon Monitoring Results Geometric Average Comparison.

Geometric average comparison of Passive House monitoring results and the
corresponding postcode reference level in Northern Ireland from Public Health England.
All Results indicate levels below the action level (AL) of 200 Bq/m3. ID: 4751 again
however is above the target level (TL) of 100 Bq/m3.

The outlying Building ID: 4751 is a two story domestic dwelling located it an area with
a maximum radon potential is 3-5 %. The monitoring result in both rooms is higher than
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the radon level for the corresponding postcode.

Building ID: 5185 is a large single storey educational facility built to the Passive House
Standard within the same parameters as the other buildings in the sample. The monitoring
result is higher than the average radon level for the corresponding postcode. We can see
from Figure 2 that room 1 in this building produced a low reading consistent with the rest
of the sample and that room 2 produced a reading that was much higher. The result for
room 2 was above the target level (TL) of 100 Bq/m3 recommended by Public Health
England. There are various potential reasons as to why this may have occurred such as
mechanical ventilation problems [20].
Building ID 4751 and ID 5185 which produced individual indoor radon concentration
results above the target level of 100 Bq/m3, requires further analysis into the ventilation
system and its current operation.

The other results provide consistently low readings of indoor radon concentrations for the
monitoring period. However, this sample is particularly small and initial findings must be
handled with caution until a bigger sample can provide more significant evidence if
results continue to follow this pattern. These initial results add weight to similar pilot
studies carried out Austria and Belgium [17, 20].
In Figure 5 both the arithmetic and geometric averages from the study are compared
against the overall averages for Northern Ireland. This clearly shows lower indoor radon
concentrations in the Passive House sample. As the number of houses investigated in this
research was very small, the results should be treated with caution, however they correlate
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with results in similar pilot studies [14, 17, and 20].
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RADON MONITORING RESULTS
70

Northern Ireland Data

34

46

55

RADON CONCENTRATION IN BQ/M3

Passive House Sample

ARITHMETIC AVERAGE

GEOMETRIC AVERAGE

Figure 5 – Northern Ireland Arithmetic and Geometric average comparison

The initial findings of this study also provide some indication for what factors require
further investigation.
Building ID: 2474 equipped with a ground source intake for the MVHR system has
demonstrated no negative effect on indoor radon concentrations suggesting that this
system was installed correctly, an indication of quality assurance.

Building ID: 4749 is retrofitted to the Passive House Standard (EnerPHit) and shows no
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indication of elevated radon levels for a retrofitted building.

8.0 Conclusion

Radon is a dangerous radioactive gas that is naturally occurring, can accumulate in houses
and can increase the risk of lung cancer, especially in individuals who smoke. The Passive
House Standard may reduce the levels of radon due to the rigorous standards of
airtightness and mechanical heat recovery and ventilation.

This study presents the initial findings of a larger research project into the indoor radon
levels in Passive House buildings compared to postcode averages in conventional
buildings.

Initial results are consistent with the hypothesis that certified Passive House buildings
perform better in respect to indoor radon concentrations compared to postcode averages.
Future work will produce a comparative radon study of the certified Passive House
standard buildings and buildings built to the prevailing building regulations in the UK
and Ireland.
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Introduction
CREST - Centre for Renewable Energy and Sustainable Technologies is led by South
West College which is a Further and Higher Education College, located in the south west
region of Northern Ireland. The college currently is developing towards being the Passive
House Centre of Excellence for the Northern Ireland region. This is being achieved
through the operation of the Centre, which provides passive house demonstration and
offers the designers and tradesperson courses to local industry as part of wider research,
across three main themes which are Sustainable Construction, Bio Energy and Energy
Storage.
The Passive House Certified CREST Pavilion was completed in November 2014 with the
purpose of being a demonstration building for passive house design principles and
renewable technologies. It is the first educational building in Northern Ireland to have
Passive House Certification. The building is distinguished by three key building
standards:
1) Passive House Certified.
2) Building Research Establishment Environmental Assessment Method (BREEAM)
Excellent.
3) Net Carbon Zero.
Whilst a combination of two of these sustainable criteria has been carried out in other
parts of the UK, this was the first example of a combination of all three. This paper
presents an overview of the post occupancy performance data since completion.



Monitoring data of the space heating demand to date.



Overview of the indoor air quality (IAQ) and ventilation performance to date.



Generation data of the solar photovoltaic technology.
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The key findings that are presented include:

Building Overview
General Information
The CREST Passive Pavilion has a treated floor area of 455 m2. The Pavilion features
large areas of glazing to the south that assist with solar gain and allow natural light to
penetrate deep into the floor plan, reducing the amount of artificial light required for the
exhibition spaces. The building incorporates solar control as design features with a brisesoleil on the south facing windows in the lecture theatre along with large overhangs (see
Figure 1) allowing winter solar gain from the low sun and reducing the occurrence of
overheating from the high sun in the summer months. The frame of the building is
constructed using structural engineered timber made from glued laminated timber. The
building fabric for the walls and roof is constructed of timber in the form of Structural
Insulated Panels (SIPs).

Figure 1: The CREST Pavilion with design featured solar control in brise-soleil and large
overhangs.
Building Performance
Space heating Demand
Heating for the building is provided via an air to water heat pump, with under floor
heating distribution. The Passive House Planning Package (PHPP) calculates the annual
heating demand using both the annual method and the monthly method. The calculated
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total annual space heating demand is thus 13.0 kWh/(m2a).


Monthly method 13.0 kWh/(m2a) or 5,902 kWh/a.



Annual method 11.3 kWh/(m2a) or 5,138 kWh/a.
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Assuming current standard electricity rates in Northern Ireland 1 kWh = £0.15, then the
predicted annual cost of heating the building excluding standard charges should be in the
region of £885 for a building with a floor area of 455m2. This compares very favourably
with the South West College (SWC) estate average of 103kWh/(m2a), which for a
building of the same size would imply annual space heating costs of approximately
£7,030. That represents an 87% saving on heating.
Monitoring data via the Building Management System (BMS):


Year 1 recorded 11.6 kWh/(m2a) or 5,283 kWh/a.



Year 2 recorded 12.1 kWh/(m2a) or 5,488 kWh/a.

The recorded performance of the space heating for Year 1 was 5,283 kWh/a. Again
assuming current standard electricity rates [Power NI] 1 kWh = £0.15, then the annual
cost of heating the building excluding standard charges in Year 1 was £792.45. The
recorded performance of the space heating for Year 2 was 5,488 kWh/a. The annual cost
of heating the building excluding standard charges in Year 2 was £823.20.
This was a slightly better than expected performance in contrast to the predicted annual
heating demand calculated in the PHPP. In addition to the monitoring, we know the
corridor under floor heating zone is rarely active due to the full length south facing glazing
running the length of the corridor. This was suggested as the main reason for the
monitored heat demand being less than the designed heat demand.
Ventilation
The Building Management System (BMS) optimises the performance of the building. It
controls and monitors the key services including ventilation, windows indoor air quality.
It constantly gathers data from internal monitors (e.g. temperature, carbon dioxide,
relative humidity) responding according to user settings and preferences. It is also linked
to an onsite weather station which measures external temperature, wind speed and rainfall
similar to a previous paper [Clarke 2015]. User experience of the BMS controlled
motorised windows is negative. They have been prone to faults with two actuator brackets
needing to be replaced at CREST. The programmed controls prevent opening with low
external temperature and during rain providing difficulties to the facility management
team.
Ventilation is provided by two passive house certified Mechanical Ventilation Heat
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Recovery (MVHR) units in the building. The auxiliary electricity consumption of the

MVHR was monitored since the completion of the building. In Year 1 the total recorded
was 415 kWh/a. In Year 2 the total recorded was 399 kWh/a. This was again slightly
better than the PHPP calculated auxiliary electric demand for the ventilation system
which is 431 kWh/a; however it was within 10% of this predicted figure.
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Figure 2: Temperature monitoring data from the CREST Pavilion along with the external
temperature.

Early reports of overheating caused some alarm but this turned out to be due to a
combination of control set points and higher than required heat pump flow temperature
set points. We can see from the graph in Figure 2 that the indoor thermal comfort
temperature range (16oC – 26oC) was maintained during this period despite some subzero external temperatures.
In the graph in Figure 3, monitoring data of carbon dioxide (CO2) concentrations in parts
per million (ppm) is presented from the four sensors inside the CREST Pavilion. We can
see that the ventilation rates maintained moderate indoor air quality of 1,000 ppm with
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peaks typically below 1,200ppm [EN 13779:2007].
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Figure 3: CO2 monitoring data from the CREST Pavilion.

In the graph in Figure 4, the relative humidity (rH%) monitoring data is presented from
the five sensors inside the CREST Pavilion. The monitoring data for relative humidity
percentages was maintained within the recommend range of 35% -55% [Kaufmann
2016].
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Figure 4: rH% monitoring data from the CREST Pavilion.
Energy
At CREST we embraced Net Carbon Zero as a logical step to achieve due to our low
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energy consumption as a result of achieving the Passive House standard. Others posed

the question ‘Is net Zero the right target for buildings?’ [Grant 2012]. It is an excellent
question however for CREST as we felt it was a good target for us with the nature and
purpose of the building along with the backdrop of the future Energy Performance of
Buildings Directive requiring all new buildings to be nearly zero energy buildings. Net
Carbon Zero was achieved by virtue of the low energy demand and renewable energy
installed in the building. There is a total 49kW of solar photovoltaic (PV) panels installed
at the Pavilion. This is comprised of a 45kW robotic solar tracker and 4kW of static wall
mounted panels.

Solar Generation at CREST
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Figure 4: Annual monthly distribution of solar generation data from the CREST Pavilion
The PHPP has calculated the Primary Energy requirement to be 66 kWh/(m2a) for heating
(air to water heat pump), domestic hot water, household electricity and auxiliary
electricity. Primary Energy at 66 kWh/(m2a) equates to a total of 30,030 kWh/a. The
monitored generation data for the robotic solar PV system and the static system at the
CREST Pavilion in Year 1 was a total 33,237 kWh/a which offset the total primary energy
demand and left a surplus of 3,207 kWh. In Year 2 the monitored generation data was
30,404 kWh/a which again offset the total primary energy demand and left a surplus of
374 kWh. This monitoring has demonstrated that the building can be considered to be net
carbon zero because the actual annual generation output of the solar panels exceeds the
total annual primary energy demand of the building [Grant 2012].
Conclusion
This paper focused on the CREST Pavilion performance data to date. These initial results
of monitoring data have indicated the building is as calculated by the PHPP, if not
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performing slightly better than the calculated specific heating demand but within the
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range of the monthly and annual methods within the PHPP. This demonstrates that PHPP
provides a robust design tool for accurate design and prediction of energy performance in
the UK and adds to the growing body of evidence that the Passive House standard does
not produce a significant performance gap between design and actual performance.
This post occupancy research also demonstrated that good indoor air quality was
maintained within the recommended range for temperature, CO2 and relative humidity.
The BMS system recorded internal air quality every 15 minutes over each 24 hour period.
This data was held for 10 days on the internal memory. This limited the recording of data
and user experience has found the BMS system to be problematic, in particular the
automatic windows. Similarly to [Bretzke 2012] and [Clarke 2015] we would advocate
less sophisticated controls.
This research also highlights that the Passive House standard with the combination of
excellent building fabric to reduce the heating demand coupled with renewable energy
micro generation is an excellent vehicle for achieving zero carbon and near zero energy
buildings.
The research for this paper has uncovered the need for some improvements in data
collection and this will be addressed going forward with the PhD research. The BMS will
be reconfigured to improve the collection of data and increased capacity added to record
higher volumes of data including the IAQ and temperature profiling.
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Executive Summary

This paper will outline and elaborate on key aspects of the design along with an overview
of the technical specification which will make this the first passive house premium and
BREEAM outstanding education building in the UK. This 7,133m2 (TFA) new build is
designed to these standards to produce a healthy learning environment which will inform
the pedagogy, curriculum development and research outputs in relation to building
performance for South West College Continued Estates development.

The building faces south in a curved form, maximizing daylight and solar gain, facing
towards the town and the Erne River. The building arcs around a designed public space
to the North; with a 15m deep atrium that provides functionality whilst encouraging
daylight and ventilation. Classrooms are designed with a buffer zone and north facing
windows to reduce glare and overheating risk. All passive house principles have been
incorporated into the design to achieve a reliable indoor air temperature of 20°C.

Build Start date: June 2018
Completion date: August 2020
Treated Floor Area (TFA): 7,133 m2
Form Factor: 0.6
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Construction: Mixed

No. of Occupants: 480 average
Cost/m2: £3,552 (based on 8200 m2 floor area

The Ventilation strategy employs various systems, the primary systems are a mix of
centralised, and local mechanical ventilation supplemented by natural ventilation. The
heating system is a combination of a bio-oil micro CHP unit producing 80% of the space
heating energy demand as well as 100% of the DHW Demand and finally an air to water
heat pump technology providing the remaining 20% of space heating. The roof has
significant capacity to allow a solar photovoltaic system which will provide a renewable
energy generation figure of 121Kwh/m2/year. There is 480Kwh of battery storage in the
design that will allow for reasonable amount of short-term storage.

Building Overview
Design Strategy
South West College is a further education college located in the west of Northern Ireland.
The College is physically represented at campuses in Cookstown, Dungannon,
Enniskillen and Omagh. The College employs over 500 full time and part time staff
servicing some 14,000 enrolments with a turnover of £40m and makes a major
contribution to the local and regional economy. This new college campus will replace our
existing campus building located in at Fairview Enniskillen (Figure1). This existing multi
storey building was built in 1971 and has a D energy rating. This 48-year-old campus
uses 152 Kwh/m2/year for heating alone. The building is heated with Oil and uses approx.
100,000 liters a year costing c £51,000.00 a year.
This is the second Passive House project for the client South West College, who
completed the CREST Pavilion. The success of this initial scheme was the key to the
decision for South West College to strive for Passive House Premium at Erne Campus.
The brief was to achieve a building with world class teaching and learning facilities. The

Word Template by Friedman & Morgan 2014

college felt incumbent against the climate change imperative to aim for the highest
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international environmental standards in sustainable innovation and design hence Passive
House Premium and BREEAM Outstanding.
The site was a former hospital, which faces south and the topography of the site has
informed the placement of a four-storey atrium and to provide the circulation. The
building will accommodate 800 full time equivalent students and 120 staff. The concept
is a contemporary lightweight transparent building, to the south facing the town and River
Erne with a solid North/East/West wrap around elevation blue brick panels and glazing.

Figure 1: Existing Fairview Campus 8,890 m2 (left) and New Erne Campus 8,200 m2
(right)

Building Fabric

The total thermal envelope of the building has an average thermal u value of 0.28 W/m2K
which includes the u value of the windows installed. The proportions of the envelope are
as follows:
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Table 1: Building Element proportion percentage and corresponding U-Value.

Building Element

Proportion

of

Thermal U Value [W/m2K]

Envelope
Floor

27.8%

0.11 W/m2K

Roof

27.8%

0.15 W/m2K

Windows

26.8%

0.85 W/m2K

Wall

17.6%

0.15 W/m2K

The floor construction is constant across the building footprint with a number of different
levels. The build-up consists of a is a 300 mm concrete slab construction on top of 175mm
insulation above the sub floor. The floor has a corresponding u value of 0.11 W/m2K.

The roof build up consists grey single membrane roof sheeting followed by single ply
membrane on
140mm insulation on vapour control layer on profiled metal deck. The roof has a
corresponding u value of 0.158 W/m2K

The wall build up is made up of the following layers. Facing Brickwork, 50mm cavity,
Breather membrane on 9mm OSB sheathing on 140 x 38mm timber framing studs with 2
no. layers 70mm
Phenolic insulation between. VCL (Air tightness layer). 100 x 38mm battens (service
zone) with
100mm phenolic insulation between. Finished internally with 12.5mm plasterboard &
3mm plaster skim. The Wall has a corresponding u value of 0.15 W/m2K

The windows are a curtain wall type system on the erne campus have an average installed
u value of 0.85 W/m2K, the frame has an average u value of 0.96 W/m2K and the glass u
value is 0.53 W/m2K with the PSI value at the glazing edge coming to 0.039 W/mK.
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Finally, the g value of the glass is 0.41.
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An important aspect of quality assurance was the careful, detailing planning of the
thermal bridges, particularly in the steel frame connection to the foundation/floor. In the
structural steel frame a thermal break had to be inserted at the point where it crossed the
thermal envelope in order to mitigate the effect of the Thermal bridging. The fixings for
the steel frame to the foundation also employed a thermal separation coupled with
surrounding insulation in the subfloor.

The airtightness target for the project is an n50 of 0.3 ACH which is even lower than the
Passive house limit of 0.6 ACH. This lower n50 target for airtightness is to take advantage
of the favorable surface area to volume ratio (SA/V) for a large buildings c.4000 m3. The
airtightness system employed on this project is a membrane and type system applied on
the warm side of the construction.
Ventilation

The ventilation strategy is mixed mode, employing both mechanical and natural
ventilation systems.

The mechanical ventilation design strategy comprises a low-carbon displacement
ventilation system which works well in open plan spaces such as auditoria and
classrooms. Instead of conventional air conditioning, which delivers cold air at 8-12°C
below the required room temperature at high level and which then mixes with room air /
internal heat sources to give comfortable room temperatures in the occupied zone,
displacement ventilation delivers air at low velocity at 19-21°C directly to the occupied
zone and warmed air rises by buoyancy to the return air points at high level. The concrete
soffit also acts as a very efficient heat absorber, helping accommodate peak cooling loads
in summer. The fact that supply air only must be cooled to 19-21°C means that
displacement ventilation can use fresh air directly from outside for most of the year
without mechanical cooling and can save substantial energy compared with conventional
systems. Extensive research has also indicated that displacement ventilation systems also
give better internal air quality than conventional ventilation, due to the segregation of

278

Word Template by Friedman & Morgan 2014

exhaust air by the stack effect.

The mechanical ventilation systems comprise a mix of centralised air handling units and
localised MVHR units, as follows:

Centralised air handling units: AHUs with 84% efficient rotary wheel heat exchangers
serve the lower 3 floors. Larger rooms such as the Central Hall/Lecture Hall and Open
Learning Centre have dedicated air handling units, whereas the general classrooms and
offices have primary air handling units feeding VAV boxes for local zone control. The
centralised AHUs will use a ground to air heat exchanger matrix (also known as earth
tubes) to pre-heat the air in the winter and pre-cool the air in the summer. This system
consists of large tubes placed in the earth approx. 1.5m deep. Ventilation air is drawn
through these underground pipes which will. At this depth the ground temperature will
range between 7-13°C throughout the year. This system can to cool the air by up to 14k
in the summer and heat it by 9k in the winter. It is a self-regulating technology in that a
higher temperature difference between outside and inside will result in a greater heat
exchange and as a result will mitigate any possible future climate change effects. The
main fresh air intake for the earth pipe system is located >25m from pollution sources to
ensure air quality. A fresh air bypass is provided to optimise the delivery temperature to
the AHUs and this is controlled via the BEMS through a centralised mixing box and
automatic dampers.

Top Floor: local mechanical ventilation units with counterflow heat recovery
supplemented by user controlled natural ventilation serve each classroom / zone. The
intakes and exhausts for these upper floor systems are located at roof level, away from
pollution sources.

Atrium: The Atrium employs an automatic stack effect natural ventilation system using
opening lights in the glazing system. Extensive solar shading measures are used to
minimize heat gains in summer but allow maximum daylight penetration and useful solar
gains in winter. All mechanical ventilation and the Atrium ventilation system are
controlled by the BEMS to maintain set CO2 and temperature levels in response to

Word Template by Friedman & Morgan 2014

varying occupancy requirements without user intervention.
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At approximately 30 m3/h per person, the ventilation has been designed to meet the
passive house specifications for hygienic air change. This is classified as IDA3 according
to the DIN EN 13776. This ensures a high air quality of approximately 1,000 ppm/CO2
/m3, the velocities, and therefore the noise levels in the room remain inaudible. The
frequency of overheating events is generally regarded as a good indicator of the summer
comfort in buildings. The passive house standard requires the indoor temperature to not
exceed 25°C for more than 10% of the year, i.e. 876 hours. The lower the frequency with
which 25°C is exceeded, the greater the level of comfort. Less than 5% is good practice
(Siddel,2015). Relative humidity and overheating are assessed at 0.2% and 1.93%
respectively for the Erne campus.

Figure 2: Ventilation Schematic for the Erne Campus

Heating

The heating system is a combination of a bio-oil micro CHP unit producing 80% of the
space heating demand as well as 100% of the DHW Demand and finally an air to water
heat pump technology providing the remaining 20% of the space heating demand. Both
these systems will use a mix of underfloor heating sections and responsive low water
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content radiators as the heat emitters.

In figure 3 we can see the energy balance for the erne campus. This provides a
visualisation of the losses and gains from the PHPP software for the project. Key points
to notice on this diagram is that the windows/curtain walling system will yield gains than
losses over a calendar year. Effectively acting as additional radiators for the building.
Finally, we can see again in figure 3 that orange section in the gains chart demonstrates
the heat that will be utilised from the internal heat gains. i.e. students and staff coupled
with the various IT and AV equipment particular to an education building of this scale.
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Figure 3: Energy balance heating (annual method) for Erne Campus
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Renewable Energy and Storage

On site generation and consumption at the Erne campus was significantly increased for
the high demand of power consumption in the campus. The roof has significant capacity
3400m2 to allow a solar photovoltaic system (520kwp) which will provide a renewable
energy generation figure of 120 Kwh/m2/year. There is 480kWHr/180kWpk of Lithium
battery storage in the design that will allow for a reasonable amount of short-term storage.
Reduced primary energy demand of all electrical appliances is part of the overall college
estates strategy. Excess energy can be transmitted to the adjacent listed workhouse
building which the college is developing as a separate project.

Figure 4: Primary Energy Renewable PER for the Erne Campus

Predicted Energy Performance
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Table 2: Predicted Energy Performance Metrics.

Airtightness (<0.6 ACH@50pascals)

0.3 ACH@50pascals

Thermal Energy Demand (<15kWh/m2/y)

6.82 kWh/m2/y

Thermal Energy load (<10 W/m2)

8.75 kWh/m2/y

Primary Energy Demand (<120kWh/m2/y)

52.8 kWh/m2/y

Primary Energy Renewable PER (<30kWh/m2/y)

29.2 kWh/m2/y

Primary Energy Renewable Generation(<120kWh/m2/y)

120 kWh/m2/y

The existing campus at South West College (Fairview 8,898m2) which in 2018 used 118
kWh/m2/year burning over 100,000L of heating oil which cost approx. £49,000 pounds
or £5.50 per m2. If we then apply the PHPP projected costs of the heat demand of the
erne campus which is 6.82 kWh/m2/year and assume a price of £0.10 per/kWh, then the
total cost to heat the erne campus will be £4,864.70. This would then represent an annual
saving of £44,135.29 or a 90% saving for the college.

The total project cost of £29M including the college fit out and AV / IT installations, plus
landscaping and other items. If we consider this and compare the construction cost alone
then it seems competitive for the quality of the building. The total construction budget for
the Erne campus is £29,128,000.00 which is the equivalent to £3,552.19 per m2 of floor
area
Conclusion

This building in Northern Ireland is extremely significant to the region. As a showcase
building at South West College, it is not just the aesthetic quality of the architecture but
also the high level of energy efficiency for a public building. It will be the first Passive
House Premium project in the UK. Recent reports have forecast that we now only have a
few years left to reduce emissions enough to avoid a catastrophic rise in global
temperatures. Significantly reducing the emissions of our buildings is vital if the UK is
to make a meaningful contribution and would lead by example when many countries are
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also struggling to understand how to reduce emissions sufficiently.
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The application of the passive house standard is still quite new in the UK and in particular
Northern Ireland. The major challenge is not to adopt the passive house concept in a
physically or technical way. The barriers are on in the construction culture in both minds
and habits. South West College and CREST offer passive house training services in
Northern Ireland which will help to break down the barriers. With the near Zero Energy
Building (nZEB) standard coming into force for public sector bodies in the near future,
this new campus building from South West College represents an excellent international
demonstration of how to successfully implement energy efficient and cost effective nZEB
through the use of passive house and renewables. The Project is on time and is due for
opening in August 2020.
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APPENDIX:5 TURNITIN DIGITAL RECEIPT

